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Other Applications
Abstract
Mechanical metamaterials, a novel class of cellular solids, have recently received much attention since
they provide an innovative path to the realization of materials with both low density and high stiffness.
They typically have carefully designed periodic structures, often at the micro/nano-scale, which lead to
unique mechanical properties defined by their architecture. Past research in mechanical metamaterials
has concentrated on the architecture (e.g. bending-dominated and stretching-dominated), fabrication
techniques (e.g. self-propagating photopolymer waveguide, direct write lithography and printing, and selfassembly) and mechanical characterizations (e.g. stiffness, strength, and recoverability) of threedimensional truss-like bulk mechanical metamaterials. The underlying material of previously reported
mechanical metamaterials typically created an interconnected periodic structure which could be easily
penetrated by gas. In contrast, we recently proposed the concept of plate mechanical metamaterials,
which are cellular plates with carefully engineered and tightly controlled periodic architectures. Standard
micro/nano-fabrication processes were developed to fabricate ultra-lightweight, stiff, robust, flat and
scalable single/two-layer continuous plates and nanocardboard hollow sandwich plates out of ultrathin
insulating alumina films formed by atomic layer deposition. These standard optical lithography based
fabrication techniques enable the mass production of these plate mechanical metamaterials by allowing
nearly arbitrary in-plane geometry. Similar to the shape-recovering property of bulk mechanical
metamaterials under large shear or compression deformations, the plate mechanical metamaterials
could recover their original shapes after extreme bending deformations, which is explained by the elastic
shell buckling of ultrathin features. A nanocardboard sandwich plate—the analog of corrugated cardboard
with nanoscale plate thickness, microscale plate height and macroscale lateral dimensions—was first
fabricated. Nanocardboard can achieve the highest ratio of bending stiffness to areal density,
outperforming all other reported materials. These plate mechanical metamaterials can be used in many
fields, such as serving as the standoffs in high-efficiency thermionic energy converters. The thermal and
mechanical properties of the standoffs were characterized, showing excellent thermal insulation and
mechanical robustness. The experimental thermal resistance of standoffs had no obvious dependence
on plate thickness or inter-electrode gap distance, and generally decreased with out-of-plane apparent
applied pressure.
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ABSTRACT

MICROSTRUCTURES AND MECHANICAL METAMATERIALS FOR ENERGY
CONVERSION AND OTHER APPLICATIONS
Chen Lin
Igor Bargatin
Mechanical metamaterials, a novel class of cellular solids, have recently received much
attention since they provide an innovative path to the realization of materials with both low
density and high stiffness. They typically have carefully designed periodic structures, often
at the micro/nano-scale, which lead to unique mechanical properties defined by their
architecture. Past research in mechanical metamaterials has concentrated on the
architecture (e.g. bending-dominated and stretching-dominated), fabrication techniques
(e.g. self-propagating photopolymer waveguide, direct write lithography and printing, and
self-assembly)

and

mechanical

characterizations

(e.g.

stiffness,

strength,

and

recoverability) of three-dimensional truss-like bulk mechanical metamaterials. The
underlying material of previously reported mechanical metamaterials typically created an
interconnected periodic structure which could be easily penetrated by gas. In contrast, we
recently proposed the concept of plate mechanical metamaterials, which are cellular plates
with carefully engineered and tightly controlled periodic architectures. Standard
micro/nano-fabrication processes were developed to fabricate ultra-lightweight, stiff,
robust, flat and scalable single/two-layer continuous plates and nanocardboard hollow
sandwich plates out of ultrathin insulating alumina films formed by atomic layer deposition.
v

These standard optical lithography based fabrication techniques enable the mass
production of these plate mechanical metamaterials by allowing nearly arbitrary in-plane
geometry. Similar to the shape-recovering property of bulk mechanical metamaterials
under large shear or compression deformations, the plate mechanical metamaterials could
recover their original shapes after extreme bending deformations, which is explained by
the elastic shell buckling of ultrathin features. A nanocardboard sandwich plate—the
analog of corrugated cardboard with nanoscale plate thickness, microscale plate height and
macroscale lateral dimensions—was first fabricated. Nanocardboard can achieve the
highest ratio of bending stiffness to areal density, outperforming all other reported
materials. These plate mechanical metamaterials can be used in many fields, such as
serving as the standoffs in high-efficiency thermionic energy converters. The thermal and
mechanical properties of the standoffs were characterized, showing excellent thermal
insulation and mechanical robustness. The experimental thermal resistance of standoffs
had no obvious dependence on plate thickness or inter-electrode gap distance, and
generally decreased with out-of-plane apparent applied pressure.
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CHAPTER 1: Introduction
1.1 Motivation
Recently, there has been an increasing interest in developing novel micro/nano-scale
materials with both exceptional mechanical properties and ultralow densities. The first
example was ultralight recoverable metallic microlattice introduced in 2011 [1], followed
by recoverable and lightweight ceramic nanolattice [2-4], ultrastiff, ultralight metallic and
ceramic mechanical metamaterials [5], ultralight “Shellular” material with excellent
stiffness and strength [6], and inverse opal nanoscale cellular solids with high specific
strength and controllable specific modulus [7], which were introduced from 2013 to 2016.
These artificial materials typically have carefully engineered periodic three-dimensional
(3D) truss-like architectures (our interest and focus are at the micro/nano-scale), and more
importantly, they have unique mechanical properties (e.g. ultrahigh stiffness,
recoverability after extreme compression, relatively high strength, negative Poisson’s ratio,
and ultralight weights). Therefore, they can be referred to as mechanical metamaterials,
whose mechanical properties are determined more by their geometric structures rather than
the composition of their underlying materials [5, 8].

These mechanical metamaterials have many common structural designs and fabrication
processes. From the architectural design point of view, these bulk mechanical
metamaterials typically have 3D interconnected periodic lattices with truss-like
hierarchical structures which can be easily penetrated by gas, limiting their applications in
1

some fields, such as the wings in lightweight microrobotic flyers [8]. Also, the geometry
is typically complex, especially around the regions with interconnected nodes. As a result,
high stress concentration is most likely to take place in these regions, leading to defects
and potential failure in these areas, as is the case of ceramic nanolattice [4]. From the
fabrication perspective, these bulk mechanical metamaterials are typically manufactured
through the following process steps: first creating a template (e.g. polymer or silica) using
various 3D fabrication techniques (e.g. two-photon lithography, self-propagating
photopolymer

wave

guide

prototyping,

self-assembly,

or

projection

microstereolithography), then coating a thin layer of a high-strength material (e.g. alumina,
Ni-P, TiN, or TiO2) on the template using a conformal deposition method (e.g. atomic layer
deposition, electroless plating or electrodeposition), and optionally completely etching
away the template by employing different approaches (dry etching, wet etching or thermal
decomposition) [1-7, 9-15]. Generally speaking, these fabrication processes are relatively
slow, complex, or have poor architectural flexibility, limiting possible applications.

Also, for the purpose of characterizing the mechanical properties of bulk mechanical
metamaterials, compression experiments are usually performed using either a
nanoindentation instrument or a material testing system such as an Instron frame to test
their compressive moduli, compressive strengths, shape recovering properties under large
compressive strains, failure modes, and energy dissipation [1, 3, 5, 13]. Typically, bulk
mechanical metamaterials, as a novel class of cellular solids, are most attractive and useful
when they have simultaneously high stiffness, strength, robustness and low density.
2

However, the mechanical properties of bulk mechanical metamaterials can significantly
diminish as relative density reduces. For a traditional stochastic cellular solid (foam), it is
2
known that Young’s modulus 𝐸 scales with relative density 𝜌relative as 𝐸~𝜌relative
for
3
open-cell cellular material, and as 𝐸~𝜌relative
for closed-cell cellular material, which can

be explained by their bending-dominated behavior [16-19]. However, for a perfect
stretching-dominated cellular structure, its Young’s modulus 𝐸 and yield strength 𝜎y
decay linearly with its relative density 𝜌relative , that is 𝐸~𝜌relative and 𝜎𝑦 ~𝜌relative ,
typically resulting in the highest stiffness and strength [5, 20-22]. By carefully designing
the geometry, some recently reported bulk mechanical metamaterials show a scaling
exponent of less than 2, which outperforms the conventional bending-dominated cellular
materials at low densities [4-6, 13]. For example, Bauer et al. previously reported a group
of high-strength anisotropic and fairly anisotropic cellular ceramic composites with
compressive strengths changing almost linearly with densities, but only over a narrow
density region [13]. Zheng et al. fabricated and investigated the stretching-dominated
hollow-tube and solid bulk mechanical metamaterials with the octet-truss microlattices,
which showed a nearly isotropic linear scaling relationship of 𝐸~𝜌relative over a broad
density range of three orders of magnitude [5]. Meza et al. created ceramic nanolattices
which were stiff, strong, lightweight and recoverable. Their compression experimental
1.61
1.76
results demonstrated that 𝐸~𝜌relative
and 𝜎y ~𝜌relative
[4]. The deviations from the

theoretically predicted linear relationships can be mainly explained by the hollow tubes,
similar to the scaling exponent deviation in the case of ultralight metallic microlattices [1,
4]. In addition, recently a novel shell-like stretching-dominated bulk mechanical
3

metamaterial with ultralow density and excellent stiffness and strength was introduced by
Han et al. [6]. The analytical results for “Shellular” with truncated conical shells showed
that the compressive strength for yield failure 𝜎f = 0.25𝜎fs 𝜌relative ~𝜌relative while the
2
compressive strength for buckling failure 𝜎f = 1.2𝐸s 𝜌relative ~𝜌relative
, and the Young’s

modulus 𝐸 = 0.62𝐸𝑠 𝜌relative ~𝜌relative , where 𝐸𝑠 and 𝜎fs are the Young’s modulus and
yield strength of the parent solid material respectively. The nonuniform wall thickness can
explain why the experimental values of 𝜎f and 𝐸 were much smaller than the theoretical
predictions (especially at low relative densities), which is caused by the limited access to
the interior template due to its narrow pathways during the electroless plating process [6].

The surprising shape-recovering properties of ultralight hollow-tube metallic microlattices
and thin-walled hollow-tube ceramic nanolattices after applying > 50% compression
strains may be attributed to the geometric nonlinearity and material nonlinearity
mechanisms [1, 3, 4, 13]. From the geometric nonlinearity perspective, when the thicknessto-radius ratio (𝑡/𝑟) of the hollow tubes is small enough (thin-walled), the failure during
the compression is mainly caused by shell buckling—an elastic failure mode leading to
tube warping and wrinkling near the nodes, which minimizes the damage to nodes and
beams and leads to ductile-like behavior and almost full recoverability. Once shellbuckling induces localized microcracks at the nodes, the applied compressive load can
prevent the microcracks from propagating and the large compressive strain can be
sustained via wide-ranging rotations around remaining node ligaments. This process
involves relatively small strain in the solid material, which contributes to no further plastic
4

deformation or fracture. As a result, these metallic microlattices and ceramic nanolattices
exhibited reversible compressive behaviors [1, 4]. Moreover, as 𝑡/𝑟 further goes down,
shell buckling will start at a smaller applied stress and thus it has a lower chance to create
or/and propagate a crack. From the material nonlinearity point of view, there is a thicknessdependent strengthening effect for nanoscale hollow-tube material. According to Weibull
statistics, which is typically used to interpret the weakest-link theory of failure, its fracture
1

strength 𝜎f is related to the wall thickness 𝑡 as 𝜎f ∝ ( )1/𝑚 , where 𝑚 represents the
𝑡

Weibull modulus, which is a statistical variability measure. Therefore, the thinner the wall
thickness, the higher the fracture strength and damage tolerance are. It is also worth noting
that the above relationship will be no longer valid when the wall thickness is decreased
beyond the critical thickness and the theoretical upper bound of fracture strength (estimated
to be from 𝐸/2𝜋 to 𝐸/30) is reached. This ideal fracture strength is determined by the
strength of atomic bonds along the direction of tensile loading and is insensitive to sample
size [3, 4, 13, 23-25].

In order to overcome some of the limitations associated with bulk mechanical
metamaterials and open new applications, we previously proposed the concept of plate
mechanical metamaterials, i.e., cellular plates with carefully designed periodic
architectural geometry (generally at the micro/nano-scale) and unusual mechanical
properties [8, 26]. Although there are many studies on the bulk mechanical metamaterials,
only a few reports have focused on the design, fabrication and characterization of plateshaped mechanical metamaterials. In particular, researchers have demonstrated alumina
5

(aluminum oxide) shell and nickel inverse opal microcantilevers with light weight and
tunable mechanical properties [27], ceramic inverse opaline structures with high
compressive

strength-

and

stiffness-to-weight

ratios

[28],

microlattice-cored

microsandwich plates with ultralow areal densities and high flexural rigidity [29], and
monolithic Ni-P sandwich panels with microlattice webbing cores and ultralow densities
[30]. They were manufactured by applying the same bulk mechanical metamaterial
fabrication techniques (e.g. self-assembly or self-propagating photopolymer waveguide)
and following the procedures similar to bulk mechanical metamaterial production.
Furthermore, their mechanical properties (e.g. bending stiffness, compressive strength,
Young’s modulus, spring constant) were measured by using an Instron frame,
nanoindentation, three-point bending tests or atomic force microscopy (AFM) [27, 29-31].
However, as mentioned earlier, these fabrication processes are typically complicated,
architecturally inflexible, or slow.

In order to address these issues, we recently used fast standard semiconductor micro/nanofabrication techniques with nearly infinite in-plane geometric freedom to produce ultrathin
( ~25 -400 nm), extremely flat, ultralow areal density ( ~0.1 -0.5 g/m2), surprisingly
recoverable, stiff (as high as ~10−5 Nm) and scalable single/two-layer plates and
nanocardboard hollow sandwich plates, which were made of alumina deposited by atomic
layer deposition (ALD). Their mechanical properties (e.g. bending stiffness, shape
recovery, effective compressive strength) were characterized by using AFM, a
micromanipulator probe and an Instron 5564 frame [8, 26]. Actually, similar fabrication
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processes were previously reported to fabricate single-layer corrugated plate metamaterials
for solid oxide fuel cell and bolometer applications [32, 33]. In addition, earlier (around
2000), the Whitesides group fabricated microscale sandwich plates (cell diameter and plate
height: hundreds of microns to millimeters; cell width and face sheet thickness: tens of
microns) with various cores (metal, polymer/metal, polymer with different designs) bonded
to either nickel (using Pb/Sn solder as adhesive) or PVDF facesheets (using epoxy as
adhesive) [31, 34]. The webbing cores were made through either soft lithography or
lithography followed by optional long-time electroplating and polymer removal. Bending
tests were applied to study the failure modes, strength and bending stiffness of these
microscale sandwich plates [31, 34]. This fabrication technique has two major limitations
towards the achievement of even smaller size (e.g. nanoscale) sandwich plates to further
lower density. First, this face-sheet bonding technique will increase the sandwich panel
density due to the use of adhesives, which is undesirable. Moreover, it is not practical to
bond face sheets to the webbing core at the nanoscale [29, 30]. Second, it is very
challenging to achieve highly conformal deposition using electrodeposition at the
nanoscale.

We recently developed a standard optical lithography based bonding-free process to
micro/nano-fabricate a monolithic sandwich structure with nanoscale plate thickness,
microscale plate height and centimeter-scale lateral dimensions in high volumes, which
will be introduced in detail in Chapter 4. Similar to the recoverable hollow-tube bulk
mechanical metamaterials, which can recover from large shear or compression
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deformations, our plate mechanical metamaterials are also amazingly robust and can
recover after extreme bending deformations without any visible damage under scanning
electron microscope (SEM), in striking contrast to the macroscale sandwich plate behavior
[8, 26]. Although the exact nature of this shape-recovering property still requires further
investigation, it is probably also caused by the reversible local buckling behavior of the
ultrathin structures, which was proposed by the Greer group for explaining the
recoverability of metallic microlattices and ceramic nanolattices after large compressive
strains [1, 4]. Table 1-1 summarizes the comparison between bulk and plate mechanical
metamaterials.
Table 1-1: Comparison summary between bulk and plate mechanical metamaterials.

Architectures

Bulk Mechanical

Plate Mechanical

Metamaterials

Metamaterials

3D truss-like lattices,

2D plate frameworks,

penetrated by gas easily

can form continuous
plates

Fabrication Methods

Two-photon

Self-assembly, self-

lithography, projection

propagating

microstereolithography,

photopolymer

self-propagating

waveguide, standard

photopolymer

micro/nano-

waveguide, self-

fabrication (fast and
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assembly, modular

with great in-plane

assembly

geometric freedom)

Ultralow volumetric

Ultralow areal

density

density

Compression

High compressive

High out-of-plane

properties

strength and

compressive strength

compressive modulus

and compressive

Density

modulus
Bending properties

N/A

High bending
stiffness

Shape-recovering

Significant shape

Complete shape

properties

recovery from large

recovery from

compression or shear

extreme bending

deformations

deformations

Thermal and

Can be highly

Can be highly

electrical properties

insulating

insulating

Applications

Energy absorption,

Insulating spacers,

structural components,

high-frequency

thermal insulation

resonators,
microflyers

One important application for plate mechanical metamaterials is as thermally and
electrically insulating standoffs in thermionic energy converters. A thermionic energy
9

converter is used to directly convert heat into electricity by evaporating electrons from a
hot cathode to a cooler anode through the vacuum gap [35]. The heat-to-electricity
efficiency of a thermionic energy converter can be significantly enhanced by reducing the
inter-electrode gap to ~ 0.9-3 μm in order to eliminate the space charge effect [36].
However, it is very difficult to retain a micron-scale gap distance without electrical and
thermal shorts between the cathode and anode, which is mainly because of the large
compressive load (~1 atm) and thermal strains (> 1%) induced by the thermal cycling
between high working temperature (> 1000℃) and room temperature. Therefore, we
fabricated robust insulating standoffs out of ALD alumina with micron-scale plate heights
and various geometric designs based on the manufacturing process of the single-layer
plates. Thermal and mechanical characterizations were performed to measure the behaviors
of the wavy and flexible standoff arrays.

1.2 Objectives
The overall research objectives of this thesis are to simulate, design, fabricate and
characterize plate mechanical metamaterials with high bending stiffnesses, ultralow areal
densities, outstanding thermal and electrical insulating properties, and shape recovery from
extremely sharp bending deformations, as well as to apply the plate mechanical
metamaterial with excellent thermal, mechanical and electrical properties for highefficiency thermionic energy converter applications. The major goals of this study are listed
as follows.

10

(1) Develop fast and flexible processes for fabricating large-scale robust plate mechanical
metamaterials composed of ultrathin ALD alumina based on standard micro/nanofabrication technologies.
(2) Investigate the mechanical properties of nanoscale hollow ALD sandwich plate
mechanical metamaterials (nanocardboard) to achieve extremely high bending stiffness
and ultralow areal densities simultaneously.
(3) Study how plate mechanical metamaterials can be used as standoffs inside thermionic
energy converters, and performing thermal and mechanical characterizations for these
standoffs.

1.3 Outline
The remainder of this dissertation is organized as follows.

Chapter 2 gives a summary of the background and literature review of the design,
fabrication, mechanical properties and characterization methods of bulk and plate
mechanical metamaterials.
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Chapter 3 introduces single/two-layer plate mechanical metamaterials with hexagonal
honeycomb geometric patterns and shape recovering properties. Their fabrication
processes generally follow the sequential process steps of 1) front side reactive-ion etching
(RIE) patterning for creating hexagonal honeycomb geometry, alumina deposition using
ALD, 2) front side inductively coupled plasma reactive-ion etching (ICP RIE) patterning
to define cantilever dimensions, 3) back side RIE patterning for making openings for the
subsequent KOH wet etching, and finally 4) releasing the plates using wet and dry etching.
Compared with single-layer plates, the major differences for manufacturing two-layer
plates are two additional steps of alumina deposition and amorphous silicon (a-Si)
sacrificial layer deposition at the beginning.

Chapter 4 investigates the mechanical properties of the nanocardboard hollow sandwich
plates with centimeter-scale lateral dimensions, micron-scale plate heights and nanoscale
plate thicknesses. The basketweave pattern with long and narrow webbing rectangles of
appropriate dimensions is chosen as the webbing core geometry in order to maximize the
nanocardboard true bending stiffness and prevent wrinkle formation. The fabrication of
nanocardboard plates starts with a silicon on insulator wafer with various device layer
thicknesses. Then, front side dry etching patterning is performed to transfer the
basketweave geometry from the photomask to the device layer, followed by hydrofluoric
acid etching to release the silicon mold. Finally, alumina is deposited conformally on the
mold using ALD and the nanocardboard hollow plates are fully suspended by etching away
the silicon using XeF2 gas. AFM measurements and sharp bending tests are carried out on
12

nanocardboard plates with different plate thicknesses and plate heights to characterize their
stiffnesses and robustness. There is good agreement between the experimental results, the
theoretical results based on the bi-rod-derived analytical model, and the numerical
simulation results.

Chapter 5 discusses the insulating and robust standoff arrays used in high-efficiency
thermionic energy converters, which is one of the most important applications for plate
mechanical metamaterials. Standoffs with various geometric shape and size designs are
manufactured by first patterning the wafer front side using photolithography and deep
reactive-ion etching (DRIE), with subsequent conformal coating with alumina using ALD,
then patterning the openings in the standoff structures, and finally suspending the standoffs
by isotropic XeF2 dry etching. In order to characterize the thermal properties of standoffs,
a modified meter bar technique is utilized to measure the thermal conductances of the
spacer samples. Based on the thermal measurement results, the thermal conductance
usually increases with the apparent applied pressure while it does not depend on the gap
distance or plate thickness strongly. An Instron 5564 frame is also employed to characterize
the compression behaviors of the standoffs.

Chapter 6 concludes the main results of this work and point out some future directions for
plate mechanical metamaterials.
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Finally, the appendix describes the segmented expansion anode array and liquid alloy
vacuum sealing that can potentially be employed in thermionic energy converters, as well
as modifications of the mechanical properties of vertical graphene (VG) sheets via ALD,
fluorination and ion bombardment.
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CHAPTER 2: Background and Literature Review
2.1 Mechanical Metamaterials
The early prominent theoretical development of metamaterials was provided by Victor
Veselago, are novel carefully engineered artificial materials which achieve unusual
properties not found in nature [37-39]. Their geometry is typically periodic at scales which
are smaller than the wavelength of the corresponding phenomenon they have effects on,
and the properties of metamaterials are determined by their geometry rather than the
properties of their base material [19]. Metamaterials can be classified into various types
depending on applications, such as electromagnetic metamaterials, acoustic metamaterials,
and mechanical metamaterials. One important type of electromagnetic metamaterials is
negative-index metamaterial, which has negative effective values of both magnetic
permeability and permittivity, leading to a negative refraction index and the capability of
manipulating electromagnetic waves [38, 40, 41]. For acoustic metamaterials, they can
exhibit the effect of negative refraction in the low frequency regime and correspondingly
affect sound waves [42].

Mechanical metamaterials are the recent development for materials with not only low
density but also high stiffness. They can be considered as a sub-class of cellular solids [17],
which have been applied in many fields for a long time due to their unique mechanical and
thermal properties as well as low weight, ranging from aerospace structural elements [43]
to thermal insulation [44]. Aerogel materials are some of the most well-known and oldest
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cellular materials because of their ultralow thermal conductivity and ultralight weight.
Since aerogels were discovered in the 1930s [45], much research was devoted to tuning
their properties for a variety of applications. Aerogels with extremely low densities (≤1
mg/cm3) have been manufactured from carbon, alumina and silica [46-49]; however, these
aerogels are generally quite brittle, with shear, compressive and tensile strengths on the
order of 1 MPa or even less with regard to the nominal cross-sectional area [50], which
restricts their applications to a large extent [51]. More recently, some reported carbonbased materials have low densities and consist of sheets with thickness down to a single
atomic layer [52-55]. Although they often exhibit unique mechanical properties, as with
aerogels, it is possible to only partly control their micro/nano-scale geometry, which is
mostly random. In order to tightly control the cellular solid geometry (typically at the
micro/nano-scale), mechanical metamaterials were introduced to create materials whose
unique mechanical properties are determined by their tightly controlled geometry instead
of their composition [5, 8].

2.1.1 Bulk Mechanical Metamaterials
2.1.1.1 Mechanical Properties and Characterization Approaches
Advances in micro/nano-fabrication technologies recently contributed to demonstrations
of macroscopic solids which were solely made of free-standing films with nanoscale
thickness [1, 4]. The structures of these mechanical metamaterials are carefully designed
at the micro/nano-scales, with periodic geometries which result in unique mechanical
properties. For instance, mechanical metamaterials can be carefully engineered to achieve
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a large-range elastic deformation or a record high stiffness for a particular effective density
[1, 3-5, 19]. The mechanical metamaterials reported in literature typically have truss-like
structures and such ‘bulk’ mechanical metamaterial can be manufactured to take up a
macroscopic volume in all three dimensions [19], only limited by the restrictions of the
employed fabrication approaches.

The effective Young’s modulus and yield strength of a cellular solid structure 𝐸eff and 𝜎eff
typically scales as 𝐸eff ~ 𝐸s (𝜌apparent ⁄𝜌solid )𝑝 and 𝜎eff ~ 𝜎s (𝜌apparent ⁄𝜌solid )𝑞 , where
the relative density 𝜌apparent ⁄𝜌solid equals the ratio of the apparent cellular material
density to the underlying solid film (i.e. cell wall) material density, 𝑝 is the power-law
exponent which is determined by the cellular material’s dominant deformation mode, and
𝐸s and 𝜎s represent the Young’s modulus and yield strength of the underlying cell wall
material respectively [16, 17]. For materials with bending-dominated deformations, like
foams and aerogels, a quadratic or even stronger relationship between the Young’s
modulus and the relative density can be expected (scaling exponent is 2 for random opencell foams and 3 for stochastic closed-cell cellular materials), suggesting that the
mechanical properties of these materials degrade very fast as their apparent densities are
decreased [16-19]. In contrast, for stretching-dominated cellular solids with no intrinsic
mechanisms leading to individual truss member bending, 𝐸eff and 𝜎eff will scale
proportionally with the relative density [5, 20-22]. By carefully engineering the cellular
material architectural structure, a lower exponent can also be possibly achieved [56]. Some
of the recently reported bulk mechanical metamaterials show the perfect linear relationship
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between the stiffness/yield strength and relative density by designing the architectural
structure to carry loads in compression or tension [5], which enables them to occupy new
regions [4, 5] on the stiffness-density Ashby chart [57]. Different from random cellular
architecture typical for foams, micro/nano-scale mechanical metamaterials can thus have
superior strength and stiffness at very low densities due to the more efficient and regular
constituent material distributions throughout the structure.

On the other hand, some other truss-like bulk mechanical metamaterials made of ultrathin
films (<100 nm thick) featured the power-law exponent ranging from 1 to 2, but were
surprisingly robust, which could recover their original shapes after large strain
deformations even when fabricated out of brittle ceramic materials like alumina [1, 4]. For
example, Schaedler et al. presented ultralight hollow-tube based Ni-P microlattices with
an octahedral unit cell. Compression experiments were done on the fabricated metallic
microlattices by employing a servo-electric Instron 8862 frame and almost complete
recovery was observed from compressive strains exceeding 50% (Figure 2-1(a)-(d)) [1]. It
was explained that this unexpected reversible compressive behavior was essentially caused
by the ultralow wall thickness-to-diameter ratio, which contributed to sufficient freedom
for tolerance and deformation to local strains via stable relief crack formation at the nodes.
Therefore, the brittle Ni-P thin film was successfully changed into a 3D ductile and
superelastic lattice. Besides this geometric mechanism, the material mechanism, that is the
size-dependent strengthening effect, is also a very important factor to consider for the
unusual mechanical properties of micro/nano-scale bulk mechanical metamaterials [1].
18

Jang et al. discussed this size effect by performing in situ compression experiments (both
monotonic and cyclic loading) by employing an indenter tip and finite-element analysis on
hollow ceramic TiN nanolattices, which show unusually high tensile strength of 1.75 GPa
[3]. It is known that the fracture strength of macroscopic brittle materials 𝜎f equals

𝐾c
√𝜋𝑎

,

where 𝑎 and 𝐾c represent the initial flaw size and fracture toughness respectively [25]. For
a large sample, since the statistical distribution of flaw sizes is wider compared with a
smaller sample, it is more likely to find a weak spot in a larger sample so that its material
strength is lower [3]. As for hollow TiN nanolattices, based on Weibull statistics, the
1

fracture strength 𝜎f is proportional to ( )1⁄𝑚 , where 𝑡 is the wall thickness and 𝑚 is the
𝑡

Weibull modulus. It suggests thinner thickness leads to higher fracture strength. In addition,
there is a theoretical upper bound for this fracture strength due to the atomic bond strength,
which may range from 𝐸/2𝜋 to 𝐸/30 independent of the sample size [23-25].

With the consideration of both geometric and material mechanisms, Meza et al. and Bauer
et al. studied the compression behaviors of alumina-based bulk mechanical metamaterials
with various geometric designs and alumina thicknesses using nanoindentation [4, 13].
Although alumina is considered as a brittle ceramic material, it was found that thin-walled
hollow-tube alumina nanolattices could notably recover from over 50% compressive strain
(Figure 2-1(e)-(h)). The tube thickness-to-radius ratio 𝑡/𝑎 was introduced as a figure of
merit to better describe the nanolattice experimental compression results. When 𝑡⁄𝑎 ≥
0.03 (thick-walled structures), catastrophic brittle failure and large strain bursts were
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observed following the initial linear elastic loading. When 𝑡⁄𝑎 ≤ 0.02, these phenomena
did not appear and the initial elastic deformation was followed by ductile-like controlled
deformation. Moreover, remarkable shape recovery was observed after deformation for all
thin-walled alumina nanolattices. When 0.02 ≤ 𝑡⁄𝑎 ≤ 0.03, combined deformation of the
two previously described cases was demonstrated. A model considering three competing
failure mechanisms of shell buckling, column buckling and fracture was proposed, which
generally matched the experimental results. The elastic shell buckling and size-dependent
strengthening effect could be applied to explain the shape recoverability and ductile-like
deformation for thin-walled ceramic nanolattices [4]. For cellular ceramic composites
(polymers coated with alumna), their failure mechanisms were determined by both alumina
thickness and structural geometry [13].

Figure 2-1: (a)-(d) Metallic microlattices showing almost complete recovery after 50%
compression. (From [1]. Reprinted with permission from AAAS.) (e)-(f) Thin-walled
ceramic nanolattices exhibiting significant recovery ( ~98% ) after 50% compressive
strain. (From [4]. Reprinted with permission from AAAS.)
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In addition to the strength, stiffness and recoverability, some bulk mechanical
metamaterials exhibit other unusual mechanical properties, such as superior specific
energy absorption and negative Poisson’s ratio 𝜐 [19]. For the latter, it is called auxetic
mechanical metamaterial, and the shear modulus 𝐺 can diverge when 𝜐 approaches −1
according to 𝐺 =

𝐸
2(1+𝜈)

. It can be quite useful for many applications like acoustic

dampeners [58, 59] and shape memory materials [60].

2.1.1.2 Fabrication Techniques
Direct write lithography and printing can provide great architectural flexibility and is
therefore commonly employed to fabricate micro/nano-scale bulk mechanical
metamaterials with complex geometry [19]. Among all its variations, stereolithography,
especially the advanced two-photon lithography, is very powerful due to its high resolution
(down to 150 nm) and almost complete geometric freedom [14, 61]. The principle of the
two-photon lithography is to focus the laser on a voxel within the photoactive polymer and
supply enough energy via two-photon adsorption, which can cross-link and harden the
corresponding local material [19, 62]. On the other hand, the biggest disadvantages of
stereolithography are its extremely slow manufacturing time and low throughput because
it is a serial process, as well as its limited compatibility with a select range of substrates
[62, 63]. As a result, stereolithography is widely used in basic and proof-of-concept
research areas but insufficient for industrial processing attributed to its poor scalability [63].
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The Greer group published many papers involving the fabrication of nanolattices using
two-photon lithography[2-4, 9, 11, 12, 64]. The typical manufacturing process starts with
the 3D structure design using CAD tools and then writes this pattern into a photopolymer
by employing two-photon lithography (TPL) direct laser writing (DLW), which creates a
free-standing 3D polymer scaffold. Next, the polymer skeleton is conformally deposited
with ceramic, metallic or other materials using ALD or sputtering deposition. Finally, after
removing the outer edges of the coated structure using focused ion beam (FIB), the internal
polymer core is exposed and completely etched away, leading to a hollow nanolattice bulk
mechanical metamaterial (Figure 2-2(a)) [2-4, 9-12]. Using the same fabrication method
based on 3D DLW, other research groups also manufactured micro/nano-scale bulk
metamaterials with numerous architectural geometries [10, 13, 14]. In addition, using a
similar fabrication process based on projection microstereolithography instead of TPL,
Zheng et al. successfully fabricated 3D microstructured mechanical metamaterials with
hollow-tube or solid microlattices (Figure 2-2(b)) [5].

Self-propagating photopolymer waveguide (SPPW) technology was used for rapidly
fabricating 3D micro-truss structures was developed by HRL Laboratories, which was
achieved by using multiple angled collimated UV beams to expose photomonomers under
a 2D mask with the aperture pattern [65-69]. Its basic principle is to make full use of the
refraction index variation during the polymerization reaction, which allows light to be
trapped in a waveguide as it propagates through the polymer [61, 65]. Using this SPPW
technology, Schaedler et al. previously fabricated ultralight metallic hollow-tube
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microlattices by first creating a 3D open-cellular polymer microlattice template using the
SPPW approach, then conformally depositing Ni-P thin films on the template via
electroless plating, and finally removing the polymer template (Figure 2-2(c)) [1]. By
employing the similar SPPW-based method, the “Shellular” structure with ultralow density
was also manufactured by template creation using SPPW, electroless plating, mechanical
polishing and template removal [6]. One of the biggest disadvantages for this SPPW
technique is that it can only form some specific shapes [63].

Although mostly applied in the optical area, self-assembly is another useful technique for
fabricating micro/nano-scale bulk metamaterials due to its high patterning rate, scalability
and low cost. However, its architectural flexibility is low, where a specific structure is
naturally arranged to lower the free energy of the molecular system based on a bottom-up
process [19, 70-72]. Among all the self-assembly materials, block copolymers (BCP) and
colloidal systems are the most successful ones for creating controllable 3D structures [19,
73]. Jeong et al. introduced the fabrication of linearly stacked metal nanowire arrays by
using soft graphoepitaxy of BCP self-assembly [74]. The one-dimensional polystyreneblock-poly(methyl methacrylate) (PS-b-PMMA) BCP lamellar stack morphology served
as the template for the Au nanowire array which was made via Au deposition over the
template region followed by the lift-off process [74]. Large-area well-ordered 3D photonic
crystals and multicomponent nanopatterns could also be fabricated through the selfassembly of BCP [70, 72, 75, 76]. As for the colloidal self-assembly, Ye et al. previously
proposed the manufacturing process of 3D colloidal photonic crystal structure with high
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quality based on the self-assembly technique [77]. Additionally, Rinne et al. reported the
fabrication procedures of 3D silicon photonic crystals with embedded defects, including
the following process steps: first self-assembling silica opal structures with subsequent
conformal alumina coating using ALD, then embedding polymer features through twophoton polymerization (TPP) followed by infiltrating the pores with a-Si via chemical
vapor deposition (CVD), and finally removing the a-Si overlayer, alumina, silica and
polymer, leaving the silicon-air inverse opal structure [15]. Recently, another colloidal selfassembly based fabrication process was developed to make inverse opal nanoscale cellular
solids (Figure 2-2(d)), which included the sequential steps of self-assembly, sintering,
electrodeposition, template removal and additional deposition [7].

Besides the above three most popular fabrication approaches, there are still some other
techniques, such as modular assembly methods [63, 78, 79]. Although modular assembly
approaches can be widely used to fabricate bulk mechanical metamaterials, their
applications are currently restricted by the low scalability and resolution [63].
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Figure 2-2: (a) Fabrication process of hollow metallic nanolattices using the two-photon
lithography technique [2]. (b) Process flow to manufacture ultrastiff and ultra-lightweight
microlattices using projection microstereolithography. (From [5]. Reprinted with
permission from AAAS.) (c) Manufacturing process of ultralight recoverable metallic
microlattices via self-propagating photopolymer waveguide. (From [1]. Reprinted with
permission from AAAS.) (d) Schematics illustrating the fabrication of inverse opal
nanoscale cellular solid (only showing one unit cell) by employing the self-assembly
approach [7]. (© 2016 IEEE)

2.1.2 Plate Mechanical Metamaterials
2.1.2.1 Mechanical Properties and Characterization Approaches
For bulk mechanical metamaterials, they have truss-like architectural structures with the
underlying cell wall material creating an interconnected periodic framework which can be
easily penetrated by air or other surrounding gases. Therefore, these truss-like structures
cannot be formed into a continuous plate which could be used for many applications, such
as acting as the microflyer wing [8]. Similar to bulk mechanical metamaterials, periodic
cellular architectures have been employed extensively for designing lightweight and stiff
plates (namely plate mechanical metamaterials), which is typically realized by patterning
the plate normal to the sheet plane. For instance, simple corrugated single-layer plates can
have significantly increased bending stiffness [80], which have been widely applied in a
variety of fields ranging from nanoscale sensors and energy devices [33] to macroscale
architecture [81]. Macroscale sandwich panel structures and hexagonal honeycomb
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lattices, including two planar face sheets with a periodic cellular webbing core in between,
have become ubiquitous in scientific instrumentation, aerospace, construction and other
industries which require plates with both low areal density and high bending stiffness.
Although macroscale sandwich plates are stiff, they generally cannot sustain sharp bending
deformations without fracture [82, 83].

We applied microscale periodic cellular design to fabricate stiff, flat, robust and extremely
lightweight plate mechanical metamaterials out of ultrathin ALD films [8, 26]. Similar to
truss-like bulk mechanical metamaterials, our plate mechanical metamaterials with ALD
thickness below ~100 nm can sustain extremely sharp deformations. While bulk
mechanical metamaterials can recover from large shear or compression deformations, plate
mechanical metamaterials can recover their original shapes after extreme bending
deformations applied by a sharp micromanipulator in the FIB tool. Contrary to bulk
metamaterials, plate metamaterials are able to achieve surprising shape recoverability after
extreme bending while being geometrically continuous (no structural hole). Furthermore,
plate mechanical metamaterials can be manufactured with macroscale lateral dimensions
and high throughput using standard optical lithography technology [8, 26]. Although
suspended films with even smaller thickness have been fabricated out of graphene and
other 2D materials [53, 84, 85], the resulting membranes typically tend to crumple, warp
or tear. Therefore, such films typically have lateral dimensions of much less than 1mm [84,
85] and they remain flat only when placed under tension on a rigid frame. On the contrary,
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our free-standing plate mechanical metamaterials are mechanically robust and fully
standalone even at centimeter-scale lateral dimensions.

Many approaches can be used to characterize the bending properties of plate mechanical
metamaterials (e.g. bending stiffness, spring constant, Young’s modulus), such as AFM,
three-point bending tests, four-point bending tests and nanoindentation by measuring loaddisplacement curves [7, 29, 31]. For example, Arias et al. used the four-point bending
experimental setup to measure the bending stiffness and failure load of microscale
sandwich beams [31]. A hydraulically actuated mechanical characterization tool was
employed in displacement control. A load cell and a linear variable displacement
transducer (LVDT) were applied to test the applied load and the displacements of the load
point respectively [31]. Three-point bending tests were also reported to be used for
measuring flexural rigidity of microsandwich structures by using a TA Instruments Q800
DMA [29]. We use the AFM approach previously reported for microcantilever mechanical
characterization [27], to measure the spring constants and bending stiffnesses of our
single/two-layer plates [8, 26] and nanocardboard sandwich plates. Furthermore, the
extreme bending deformation behaviors of our plate mechanical metamaterials have been
also tested by using the micromanipulator inside the FIB.

Although there are numerous researches on testing the compression behaviors (e.g.
compressive strength, compressive modulus, failure modes) of micro/nano-scale bulk
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mechanical metamaterials and carbon nanotube (CNT) blocks using an Instron frame
(Figure 2-3(a)) or nanoindentation [1, 3-5, 13, 86], only a few papers reported the
experimental compression results of micro/nano-scale sandwich plates. Choi et al.
investigated the compression properties of a microlattice-cored sandwich panel structure
and a conventional microlattice structure in both of the in-plane (Figure 2-3(b)) and outof-plane directions [30]. The compression tests were carried out using an Instron 8872
frame with an LVDT testing the displacement and a Lebow 3397-50 load cell. In the outof-plane compression case, no obvious difference was observed between the two structures.
However, in the in-plane compression condition, as long as the face sheet thickness was
thick enough, the stiffness and strength of the microlattice sandwich plate were notably
higher compared with the microlattice without face sheets [30].

Figure 2-3: (a) Cyclic compression characterizations of CNT array blocks between two
steel plates by employing an Instron 5843 tool. (Adapted from [Springer Customer Service
Centre GmbH]: [Springer Nature] [Nature Nanotechnology] [86], [COPYRIGHT] (2007).)
(b) In-plane compression testing of microlattice-cored sandwich plate using an Instron
8872 system. (Reprinted from [30], with permission from Elsevier.)
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For the applications of microelectromechanical systems (MEMS) at high temperatures,
which include solid-state energy conversion from heat to electricity, achieving and keeping
micron-scale gap distance between planar solid structures can be challenging, particularly
under changing mechanical and thermal loads. In the specific example of thermionic
energy converters, it was reported that decreasing inter-electrode gap distance from 100
μm which is typical of precision machining to below 10 μm, can enhance the conversion
efficiency to more than 30% [36]. In a similar way, using sub-micron gaps in the
efficiencies of thermophotovoltaic devices can be significantly increased because of the
near-field radiative heat transfer effects [87]. However, preventing electrical and thermal
shorts between the anode and cathode is very difficult at such small gaps because of the
large thermally induced strains (> 1%) and high mechanically compressive stress (~1
atm). As a result, developing an electrically and thermally insulating micro-gap standoff
which is mechanically robust to support the electrode above, avoid shorting and
accommodate thermal cycling is important for achieving practical high-efficiency
thermionic energy converters. Based on the design and fabrication of our previous singlelayer plate mechanical metamaterial [8], we designed and manufactured freestanding
alumina standoff arrays with micron-scale height, nanoscale thickness and centimeter-scale
lateral dimensions. By using an Instron 5564 tool to perform out-of-plane compression
tests on the standoff samples (similar to the reported approach in Ref. [30]), we measured
the compression properties of the fabricated standoff arrays.
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2.1.2.2 Fabrication Techniques
Most research on periodic cellular plates is concentrated on macroscale fields. For
example, large-scale sandwich plates with various core architectures were typically
manufactured via separately fabricating the face sheets and the cellular webbing core,
which can be made through expansion, corrugation, strip slotting, folding, weaving,
wire/hollow tube lay-up or other methods, and then bonding the face sheets to the webbing
core [83, 88-90]. However, all these macroscale fabrication techniques are too difficult to
apply at the micro/nano-scale mainly due to the manufacturing and handling challenges, as
well as the difficulty of providing secure bonding without remarkably increasing the weight
[29, 30].

Fabrication techniques for making micro/nano-scale bulk mechanical metamaterials can
also be used to produce micro/nano-scale plate mechanical metamaterials; however, these
fabrication processes are typically complex, time consuming or geometrically limited. For
instance, Pikul et al. introduced the fabrication of the nickel inverse opal microcantilevers
and alumina shell microcantilevers by using self-assembly processes [27]. Figure 2-4(a)
illustrates the micromachining steps for a macroporous nickel inverse opal microcantilever.
First, chromium and gold layers were deposited on a silicon wafer by sputtering, followed
by photolithography and etching to define the microcantilever geometry. Next, polystyrene
opals were self-assembled on the substrate driven by evaporation. Nickel was then coated
through the polystyrene opal with the use of electrodeposition. Finally, the polystyrene was
etched away and the nickel inverse opal microcantilever was released. Also, by further
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performing the following fabrication steps, namely conformally depositing 75-nm-thick
alumina on the nickel inverse opal microcantilever using ALD, cutting the edges for nickel
exposure using FIB and then etching away the nickel, the alumina shell microcantilever
was made [27]. In addition, Hatton et al. previously reported a new approach for making
inverse opal thin film structures with high quality and over a centimeter scale [91]. The
conventional colloidal self-assembly method for fabricating inverse opal structures
typically starts with colloidal crystal template self-assembly, followed by matrix
infiltration, and ends with selective template removal, which involves defect formation
when fabricating large-area films. By using evaporative coassembly of a colloidal template
and a matrix material in a single process step, this novel method allows the fabrication of
large-area inverse opal films with few defects [91]. Using this co-assembly approach, silica
inverse opal films with and without a titania coating were also successfully manufactured
[28].

Recently, it was reported that a microsandwich plate with a polymer microlattice core and
two transparent polyethylene terephthalate (PET) face sheets with micron-scale thickness
could be manufactured in a single exposure step based on the self-propagating
photopolymer waveguide technology (Figure 2-4(b)) [29]. The microlattice core was
formed by using multiple beams of collimated UV light to expose the liquid photo-sensitive
monomers through a photomask with the aperture pattern. Because of the induced
polymerization reaction, the truss core was adhered to both face sheets simultaneously.
After several post-exposure steps (e.g. removing the uncured monomers in toluene), a
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micron-scale sandwich panel with low areal density (down to 50 g/m2) was made [29]. By
applying similar micro-fabrication techniques, the bonding-free fabrication process of a
monolithic microlattice-cored sandwich plate made of Ni-P foil was recently introduced
with the utilization of the self-propagating photopolymer waveguide technology [30].
Basically, a microlattice template was first made by employing the self-propagating
photopolymer waveguide technique, and then through further exposures to solidify the UV
monomer resin subsequently placed on its top and bottom surfaces, a polymer sandwich
mold was formed. Thereafter, the uniform deposition of a Ni-P layer on the polymer
template was carried out by employing electroless plating. At last, the polymer sandwich
template was removed via wet etching, leaving the microlattice sandwich panel structure
[30].

In contrast to these micro/nano-scale bulk mechanical metamaterial fabrication
approaches, easily scalable micro/nano-fabrication techniques with almost infinite in-plane
architectural flexibility can be applied to manufacture large-area micro/nano-scale plate
metamaterials in high volumes. With the use of standard optical lithography technologies,
periodic cellular architectures can be patterned onto the normal direction of a plate. For
example, Purkl et al. fabricated platinum bolometers with serpentine geometry and
nanometer thickness using a standard surface-micromachining process (Figure 2-4(c))
[32]. First, a platinum layer with nanoscale thickness was deposited onto an oxidized
silicon wafer using sputtering and was then patterned. Next, a sacrificial polysilicon layer
with micron-scale thickness was coated and planarized on top by employing low pressure
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chemical vapor deposition (LPCVD) technique, which was subsequently patterned to form
the anchors and trenches by using RIE. Afterwards, an alumina seed layer and a platinum
functional layer were conformally deposited on the mold using plasma-enhanced atomic
layer deposition (PEALD). In the end, argon ion milling was utilized to pattern the layer
stack and the device was fully released by etching away the polysilicon layer in XeF2 [32].
Another similar example is the fabrication process of corrugated electrolyte yttria stabilized
zirconia (YSZ) thin film based solid oxide fuel cell [33]. It started with a 4-inch silicon
wafer, followed by the front side patterning of trenches using photolithography and DRIE.
Next, silicon nitride with nanoscale thickness was coated on both sides of the silicon wafer
using LPCVD and the back side silicon nitride was then patterned to act as the hard mask
for subsequent KOH wet etching. After that, the conformal deposition of a YSZ electrolyte
membrane with around 70 nm thickness was carried out by employing ALD. Then, the
YSZ film was fully suspended by first KOH etching and then silicon nitride removal using
plasma etching. Finally, 120-nm-thick porous platinum serving as both the catalyst and
electrode was sputtered on both sides of the corrugated electrolyte [33].

Microscale sandwich plates with polymer, metallic, and polymer/metal microcomposite
cores could also be manufactured via photolithography/soft lithography and rapid
prototyping [31, 34]. Unfortunately, the last bonding step is not practical for making even
smaller sandwich panels and the adhesive can significantly increases the mass of the
sandwich structure, which has a negative effect on achieving ultralow density.
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Figure 2-4: (a) Process flow to fabricate nickel inverse opal microcantilevers based on selfassembly [27]. (https://doi.org/10.1088/0960-1317/24/10/105006 © IOP Publishing.
Reproduced with permission. All rights reserved.) (b) Manufacturing process of
microlattice-cored sandwich panels using the self-propagating photopolymer waveguide
technology. (Reprinted from [30], with permission from Elsevier.) (c) Fabrication process
of the serpentine bolometers by employing a standard surface-micromachining process
[32]. (© 2013 IEEE)

As we can see from the above examples, photolithography, deposition and etching are three
commonly used micro/nano-fabrication techniques in the standard semiconductor and
MEMS processing. Photolithography is the most essential and expensive processing
module in the semiconductor industry, which allows the pattern transfer in a high volume
parallel fabrication way. The photolithography process step is typically conducted by first
spin-coating light-sensitive chemical photoresist, followed by light exposure through a
photomask with an as-designed geometric pattern, and final developing to remove part of
the photoresist. The exposure systems can be classified into contact printing, proximity
printing and projection printing. Contact or proximity lithography is widely employed
during prototyping and research processes owing to its cheaper hardware compared with
projection lithography and acceptable optical resolution. However, for mass production in
industry, projection lithography is chosen due to its high resolution and the shortcomings
of contact or proximity lithography (e.g. potential damage to the wafer or the mask,
requirement for uniform light intensity and precise alignment across a large wafer) [92-94].
36

There are many methods used for thin film deposition in the semiconductor industry and
they can be typically divided into two categories. One is physical vapor deposition (PVD),
and the other is CVD. Evaporation and sputtering are two most common PVD processes,
during which the source material changes from a condensed solid phase to a gas phase and
finally back to a thin film condensed solid phase deposited on the substrate. On the other
hand, during the CVD process, one or more gaseous precursors are introduced into the
reaction chamber, chemically reacting or/and decomposing on the wafer surface to produce
films with desired properties and thicknesses. Usually, the generated volatile by-products
are eliminated by the gas flow through the chamber [92-94]. Among all kinds of CVD
techniques, ALD is an extremely useful technology for depositing ultrathin and conformal
films. It is based on the sequential and self-limiting surface reactions between precursors
and surface material. It means that the precursors are inserted into the reactor alternately
instead of simultaneously and react with the surface material in a self-limiting manner,
which results in both precise thickness control and conformal deposition even on highaspect-ratio structures. Because of its great potential for fabricating ultrathin, controllable
and conformal films, ALD has been widely used in many fields. One of the best known
ALD processes is synthesizing aluminum oxide from water and trimethylaluminum (TMA)
precursors. During each ALD loop, the TMA precursor which is the source of aluminum
is first introduced into the chamber and gets absorbed on the substrate. Since the number
of reaction sites on the substrate is limited, the remaining TMA will be pumped out at the
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second step. Then, the water vapor comes in and reacts with the surface radicals, which
finally results in a single layer of aluminum oxide on the substrate [95].

Etching is another important process for subtractive microfabrication, which can be further
divided into wet etching and dry etching, as well as into isotropic etching and anisotropic
etching. For most etching processes, part of the wafer is covered by a masking material,
which protects the covered regions from being etched. The masking material can be either
a photoresist soft mask pre-patterned by photolithography or a more durable hard mask
like silicon oxide or silicon nitride. For wet etching, the wafer is generally immersed in an
agitated solution at a specific temperature. Two of the most common wet etching examples
are etching silicon oxide using HF (isotropic) and etching silicon using KOH (anisotropic).
On the other hand, dry etching of one material is achieved via its exposure to ion
bombardment or gaseous etchants, which can also be isotropic (e.g. XeF2 etching silicon)
or anisotropic (ion milling) [92-94]. DRIE is one important emerging dry etching technique.
Because of the highly anisotropic etching property of the silicon based DRIE process, it
has

been

widely

employed

to

make

high-aspect-ratio

structures

in

the

microelectromechanical area [96]. The Bosch process, which alternates repeatedly between
etching and sidewall passivation, is the most commonly used DRIE technique [96-98]. In
each DRIE loop, first the SF6 plasma comes into the chamber and attack the substrate in a
nearly vertical direction. Next, C4F8 is introduced and contributes to the deposition of the
passivation layer, which covers the whole substrate. However, later the SF6 plasma comes
in again almost vertically to bombard the bottom surface and sputter the bottom passivation
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layer off. As a result, the bottom surface of the silicon substrate is exposed to the SF6
plasma again and continues to be etched. On the other hand, the passivation layer on the
sidewalls can protect them from being laterally etched, which ensures the creation of deep
vertical features [96].

By combining these standard micro/nano-fabrication techniques, we previously developed
the fabrication recipes for making ultralight, ultrathin, robust, flat and continuous singlelayer and two-layer plate mechanical metamaterials with nanoscale thickness and
microscale hexagonal honeycomb patterns which can be easily scaled to centimeter-scale
surface areas or even larger [8, 26]. Recently, we developed the manufacture recipe for
producing nanocardboard hollow plates with microscale plate height, nanoscale plate
thickness, macroscale lateral dimensions, low areal density, as well as high robustness,
flatness and bending stiffness. Their fabrication details will be introduced later in Chapter
4.
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CHAPTER 3: Ultrathin Corrugated ALD Plates with Enhanced
Bending Stiffness
3.1 Introduction
Cellular solids provide not only low weight but also unique thermal and mechanical
properties, which explains their long-term use for various structural applications in the
construction and transportation industries [17]. Recently, a new class of cellular solids
which is known as mechanical metamaterial has been introduced [1, 19]. These mechanical
metamaterials possess tightly controlled and carefully designed periodic 3D geometries
(typically at the micro/nano-scale), which contributes to unique mechanical property
combinations, making it possible for them to occupy new regions on the Ashby charts [4,
5, 27]. We introduced the plate mechanical metamaterial concept, namely a cellular plate
with unique mechanical properties and carefully controlled periodic geometry, and it was
initially realized in the form of freestanding single-layer corrugated plates made of an
ultrathin alumina film [8]. Particularly, ALD and other microfabrication techniques were
previously employed to fabricate robust single-layer continuous ALD plates with
centimeter-scale lateral dimensions and nanoscale plate thickness (down to 25 nm), making
them the thinnest freestanding plates which could be picked up by hand [8]. Later, using
similar micromachining technologies, two-layer plate mechanical metamaterials were also
successfully manufactured [26]. Our continuous single-layer or two-layer plate mechanical
metamaterials are quite different from “bulk mechanical metamaterials” reported by other
research groups [1, 4, 5, 19, 27], which have a lattice which can be easily penetrated by air
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and are usually manufactured via slower fabrication techniques, like evaporation-driven
self-assembly [27] or nanoscale 3D printing [4, 5].

3.2 Single-layer Plate Mechanical Metamaterials
3.2.1 Design
Figure 3-1(a) shows an SEM image of a cantilevered rectangular single-layer plate
according to a hexagonal honeycomb metamaterial design. The single-layer plate
mechanical metamaterials were manufactured out of ALD aluminum oxide films with
uniform thicknesses, which ranged from 25 nm to 100 nm in various fabrication runs, using
photolithography and a combination of dry and wet etching techniques (see the following
Fabrication section for the fabrication process details). Aluminum oxide material was
selected as the cell material due to the pinhole-free and highly conformal nature of its ALD
films, its high stiffness, as well as its high-temperature and chemical resistance. As shown
in Figure 3-1(b) and (c), the single-layer alumina plate can maintain its shape due to its 3D
hexagonal honeycomb microstructure, which increases the plate flexural stiffness by 1 to
3 orders of magnitude based on the cell parameters (see the following Bending stiffness
section for details). When bending stresses are applied to the plates, rigidity is provided by
the ribs, which is similar to the way that corrugated sheets or C-beams resist deformations.
This causes the sheet to remain flat even when the film has remarkable internal stresses
resulting from fabrication-induced stress gradients which generally make unpatterned films
curl up with a small radius of curvature as is shown in Figure 3-1(d).
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Figure 3-1: SEM images (colored for clarity) of (a) a single-layer plate mechanical
metamaterial with hexagonal honeycomb geometry fabricated out of 35-nm-thick ALD
alumina (scale bar is 100 μm) and (b) the cell architecture details (scale bar is 10 μm). (c)
An individual cell schematic illustrating its geometric parameters. (d) An SEM image
(colored for clarity) of an unpatterned cantilever with 50-nm-thick alumina, showing the
warping feature (scale bar is 200 μm) [8].

3.2.2 Fabrication
Figure 3-2(a) shows a die with three kinds of millimeter-scale single-layer plate mechanical
metamaterials: rectangular plates clamped on all four sides, doubly clamped plates and
single-clamped plates, while Figure 3-2(b) shows one centimeter-scale single-layer
cantilever on a wafer. The fabrication process schematic is illustrated in Figure 3-2(c). The
fabrication of the single-layer plates started with a double side polished 4 inch silicon wafer.
Silicon nitride films with a thickness of around 180 nm were deposited on both sides of the
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wafer using plasma-enhanced chemical vapor deposition (PECVD). A hexagonal
honeycomb structure with a 10 to 14 μm depth were patterned on the wafer front side by
employing photolithography and RIE. The wafer back side was then patterned by
photolithography and RIE of silicon nitride to make openings for the subsequent KOH
etching. Next, the front side silicon nitride mask was removed by using RIE and the
alumina layer was then deposited on top using the ALD technology. An ellipsometer was
employed to characterize the deposition rate at 250 ℃ to be 1.18 Å per cycle. For the
purpose of patterning the alumina layer, thick SPR 220 photoresist (MicroChem Corp.)
was spin-coated on the front. After the spin coating and baking at 105 ℃, in order to ensure
the photoresist would not crack, the wafer was slowly cooled down. After the front side
photolithography, ICP RIE according to a BCl3-based chemistry process was applied to
patterning the alumina layer [99]. Most silicon below the alumina layer was removed via
anisotropic KOH etching. Before immersing the wafer in KOH solution, the top wafer
surface was spin-coated with ProTEK B3 (Brewer Science Inc.) to stop the alumina layer
from getting etched in the KOH solution. In addition, since PECVD silicon nitride did not
cover the wafer edge, a protective chuck was employed to keep the wafer edge inaccessible
to the KOH solution. It was measured that the silicon etching rate in the 30% KOH solution
at 80 ℃ was around 75 μm/hour. By timing the KOH etching process accurately, the
etching process was possible to be stopped about 20 μm from the top surface. Also, the
exact etching depth was measured by using a Zygo white-light optical profilometer.
Afterwards, the ProTEK layer was removed and oxygen plasma was used to eliminate any
left polymer residue. Finally, isotropic dry XeF2 etching was employed for completely
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releasing the structure. Figure 3-2(d) and (e) show the SEM images of a single-layer
cantilever under various acceleration voltages. It can be seen that the structure looks nearly
transparent under a high acceleration voltage of 15.0 kV in the SEM (Figure 3-2(d)) while
it becomes more opaque as the acceleration voltage is decreased to 2.0 kV (Figure 3-2(e)).

Figure 3-2: (a) A fabricated die (top) and optical microscope images (bottom) of three types
of mm-scale devices (all scale bars: 250 μm). (b) A cm-scale single-layer cantilever on a
bigger die. (c) Manufacturing process schematic. SEM images of a released single-layer
plate mechanical metamaterial under the acceleration voltages of (d) 15.0 kV and (e) 2.0
kV [8].
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3.2.3 Bending Stiffness
A traditional prismatic corrugated sheet which has a periodic cross-section (Figure 3-3(a))
provides a significantly enhanced bending stiffness in one direction while in the
perpendicular direction it provides almost no change in the bending stiffness [80, 81]. In
order to describe the bending stiffness increase relative to a fully planar solid sheet, the
enhancement factor 𝐸𝐹 is defined and can be determined by the area moment of inertia.
The typical enhancement factor scales quadratically with the ratio of the corrugation height
ℎ to the sheet thickness 𝑡, and only weakly depends on the geometric parameters of the
ℎ

corrugation pattern (e.g. period), that is, 𝐸𝐹corr ~( )2 . On the contrary, the hexagonal
𝑡

honeycomb corrugated plate provides an enhanced bending stiffness in all directions, and
its roughly isotropic enhancement factor depends on all the unit cell parameters. The
mechanical properties of the single-layer plate with the hexagonal honeycomb pattern in
its small deformation region have been studied through both extensive COMSOL
numerical simulations and linear elasticity theory. The finite element simulations were
performed based on the small-deflection response of a thin shell model (geometric
nonlinearity was considered) by assuming alumina has isotropic linear elastic properties
(Poisson’s ratio: 0.22; Young’s modulus: 130 GPa). In brief, the enhancement factor of the
ultrathin single-layer plate first increases quickly with its plate height, which is similar to
a simple corrugated plate, but then saturates when the plate height is much larger than the
plate thickness. This maximum saturation value of its enhancement factor is determined by
𝐷

the ratio of the hexagon inner diameter 𝐷 to the rib width 𝑤, that is, 𝐸𝐹max ~( )2 , as is
𝑤

shown in Figure 3-3(b).
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Figure 3-3: (a) Schematic showing the anisotropic bending stiffness of conventional
periodic prismatic corrugated sheets. (b) Maximum saturated isotropic enhancement factor
vs. 𝐷/𝑤 (performed by Eric Lu and Drew E. Lilley) [8].

In order to confirm the finite element model that is used for metamaterial designs, as well
as determine the Young’s modulus of the ALD alumina, the small-deformation bending
stiffnesses of honeycomb single-layer plates were characterized by using an AFM.
Particularly, the spring constants of the single-layer cantilevers were derived from the
force-displacement curves measured by an AFM. It is somewhat unexpected that the
measured honeycomb cantilever stiffness is strongly dependent on whether continuous
vertical walls exist on the cantilever edges (compare Figure 3-4(a) and Figure 3-4(b)). Such
vertical sidewalls can be formed on cantilever sides by either the intentional design of the
corresponding lithography mask or accidental fabrication defects. When these sidewalls
are not present, the spring constant of the single-layer cantilever 𝑘 =
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𝐹
𝛿

= 3𝑊cant 𝐾eff /𝐿3 ,

where 𝐹 is the transverse force at one end (the other end is fixed), 𝛿 is the deflection at this
end, 𝐾eff is the bending stiffness, 𝐿 is the cantilever length, and 𝑊cant is the cantilever
𝐷

width. Therefore, 𝑘 scales cubically with the plate thickness 𝑡, that is, 𝑘 ∝ 𝑡 3 ( )2 , and is
𝑤

nearly independent of the plate height. However, when such sidewalls are present, two Cbeams are formed by these sidewalls at both sides of the single-layer cantilever and the
small-deformation response of the cantilever is dominated by the C-beam stiffness.
Therefore, the corresponding spring constant scales quadratically with the plate height and
linearly with plate thickness, that is, 𝑘 ∝ ℎ2 𝑡, as is expected from the stiffness scaling of
corrugated sheets and conventional C-beams. Figure 3-4(c) compares the experimental
spring constants with the simulated ones for single-layer plates with the alumina thickness
ranging from ~25 nm to ~100 nm, the cell diameter (hexagon height) of 50 μm and the
plate height of 10 μm. The numerical simulations match the experimental results best if a
Young’s modulus of 130 GPa is assumed for ALD alumina, which is within the range of
the reported elastic moduli in the literature [100].To demonstrate the stability and
repeatability of the elastic behavior of the hexagonal honeycomb plates, cyclic loading tests
were performed: a single-layer cantilever with a plate thickness of 72 nm and a plate height
of 10 μm was bent and unloaded 400 times consecutively with no exhibition of any
remarkable change in its spring constant.
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Figure 3-4: SEM images of 1-mm-long single-layer cantilevers which (a) have no and (b)
have vertical sidewalls (both scale bars are 50 μm). (c) Comparisons of finite element
simulation (solid lines are predictions and dashed lines represent ±20% confidence bound)
and experimental (symbols, s.d. error bars) results (performed by Keivan Davami, John
Cortes, Eric Lu and Drew E. Lilley) [8].

3.2.4 Shape-recovering Property
In contrast to macroscale honeycomb sandwich structures, the single-layer plates can
withstand extremely large bending deformations, which allows the single-layer plates to
fold with quite a small radius of curvature without any fracture, as is shown in Figure 35(a). Although alumina is a brittle ceramic material, the ultrathin single-layer structures are
so robust that their original shapes can be recovered even after multiple times of sharp
bending deformations. Similar to previously reported bulk metamaterials [4], structures
made from thinner films were generally more robust, namely, capable of sustaining sharper
bending. This can be explained by the proportional dependence of the maximum strain
along the fold lines on the plate thickness at extreme bending deformations. From this
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perspective, plate metamaterials are quite different from plates which have effectively
uniform cross-sectional areas, such as macroscale sandwich plates or corrugated sheets, for
which the classical plate theory is valid and the maximum strains are thus proportional to
the plate height rather than the plate thickness. If a sharp bend is applied to a sandwich
plate (that is, with radius of curvature comparable to its plate height), the resulting strains
are on the order of one, resulting in failure of most structural materials. On the contrary,
the maximum strains in the single-layer plate mechanical metamaterials are determined by
the ratio of plate thickness to plate height, which is in the order of magnitude of 10−3 for
the thinnest fabricated single-layer alumina plates, explaining their observed robustness.
Guided by the COMSOL finite element simulation results, the features and dimensions of
the single-layer plates were designed, and hexagonal honeycomb geometry was chosen
since it provides approximately isotropic bending stiffness in the case of small
deformations [17, 101]. It is possible to use other periodic geometries. However, in order
to achieve high bending stiffness and flatness, it is important that the no-straight-line
requirement should be satisfied, that is, any plane which is perpendicular to the plate has
to intersect vertical walls (Figure 3-5(b)) so the plate cannot fold along any line very easily.
Although other tiling patterns with lower symmetry, like rhombille or basketweave, meet
this requirement, they typically have lower bending stiffness.

Specifically, in order to study the shape-recovering and flexibility property of the singlelayer plate, a micro-manipulator in a FIB tool was employed to deform it. Honeycomb
cantilevers with various alumina layer thicknesses underwent complicated loading and
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deformation (Figure 3-5(a)). The structures with the thinnest plate thickness (25 nm) could
sustain the highest level of deformation without any damage repeatedly. Because of the
slow deposition rates of the ALD process (~0.1 nm/cycle), it was difficult to contrast the
robustness and flexibility of the ultrathin single-layer plates (less than 100 nm) to those of
much thicker single-layer plates (~1 μm). Nevertheless, it was possible to compare the
thinnest single plate behavior with the behavior of different thicker structures including
silicon residues. Generally, such structures had much lower flexibility and broke easily.
Figure 3-5(c)-(e) shows a single-layer cantilever with one remaining silicon layer of 1 μm
thickness before and after the cantilever fractured. Although the observed fracture of the
cantilevers with residual silicon were most likely attributed to the thick silicon layers, it
could also result from other factors specific to two-layer alumina-silicon composite
samples, like internal stress gradients caused by the mismatch of the moduli.
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Figure 3-5: (a) Sharp bending of a single-layer plate (thickness: 25 nm; length: 1mm; scale
bar: 200 μm; colored for clarity). No visible fracture was observed and the original shape
was recovered after removing the micromanipulator. (b) Schematic showing the nostraight-line requirement. SEM images of (c) an individual cell and (d) a whole cantilever
with a residual 1-μm-thick silicon layer before poking. (e) The cantilever fractured after
poking [8]. (Performed by Keivan Davami.)
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3.3 Two-layer Plate Mechanical Metamaterials
3.3.1 Design
Figure 3-6 shows the design of two-layer plate mechanical metamaterials which have
nanoscale thickness and their geometry and properties are more similar to honeycomb
sandwich plates. The top layer is connected to the bottom layer using hexagonal vertical
walls, which limits the shear between these two layers. Therefore, compared with the
single-layer plates [8], the two-layer plates have much higher bending stiffness while still
exhibiting extremely low areal density and outstanding mechanical robustness. This
enhanced bending stiffness can be explained by the similar mechanism employed in
conventional honeycomb sandwich plates. However, quite different from sandwich
composite plates, the two-layer plate mechanical metamaterials can sustain extremely
sharp bending without any visible damage.

Figure 3-6: (a) SEM image (colored for clarity) of a two-layer plate mechanical
metamaterial (length: 1 mm; width: 0.5 mm) made out of ALD alumina. (b) Computer
diagram showing the periodic hexagonal honeycomb geometry. (c) SEM image (colored
for clarity) illustrating the cantilever edge details [26].
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3.3.2 Fabrication
The two-layer plate mechanical metamaterials were manufactured from ALD alumina as
shown in Figure 3-7. First, a 60-nm-thick planar alumina layer was deposited at 250 ℃ on
a clean double-side polished silicon wafer using the ALD technique. Subsequently, the
deposition of an a-Si sacrificial layer was performed on the wafer front side at 175 ℃ by
employing PECVD. This a-Si layer thickness determines the spacing between the two
alumina layers, i.e. plate height, in the final two-layer plate structure, which ranged from 1
μm to 3 μm during various fabrication runs. The reason that this plate height cannot exceed
~3 μ𝑚 is because the a-Si layer would peel off from the substrate if it was thicker than ~3
μ𝑚 due to the high thermal strain during the PECVD process. Next, the a-Si layer was
patterned with the hexagonal honeycomb pattern via photolithography and RIE, which is
illustrated in Figure. The hexagonal honeycomb geometry was selected due to its
approximately isotropic bending stiffness [8, 17]. Then, another 60-nm-thick ALD alumina
layer was coated to serve as the top corrugated layer, which was later patterned by
photolithography and ICP RIE to define the lateral dimensions of the two-layer cantilever
and to open the etch holes for the subsequent a-Si sacrificial layer removal. Afterwards, a
silicon nitride layer with a thickness of around 500 nm was deposited on the wafer back
side and patterned by photolithography to act as a hard mask for the subsequent KOH wet
etching process. The back side of the wafer was then etched in the KOH solution, stopping
10-50 μm before arriving at the alumina layers. In the end, the two-layer plate was fully
suspended by applying either CF4 + O2 plasma RIE or XeF2 etching. It is important to
completely remove the trapped sacrificial a-Si layer between the two ALD alumina layers
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because any residual a-Si can damage the unique mechanical properties of the two-layer
cantilevers, which results in easy fracturing during extremely large bending deformations.
Thus, the a-Si etching should continue until the complete disappearance of a-Si is
confirmed in optical and SEM images. Due to the high transparency of the ALD alumina
compared with a-Si, it is easy to observe the existence of a-Si under the OM.

Figure 3-7: Schematic of the fabrication process of the two-layer plate mechanical
metamaterials [26].
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3.3.3 Apparent Bending Stiffness Simulations
By using COMSOL Multiphysics finite element simulations, the small deflection
responses of the two-layer plates were investigated based on thin shell models. During the
simulations, the alumina layers were modeled with isotropic linear elastic properties, which
have a Poisson’s ratio 𝜈 of 0.22 and a Young’s modulus 𝐸 of 130 GPa [8, 100]. With the
use of triangular elements (minimum element size: 0.005 μm; maximum element size: 10
μm ), the convergence of the mesh was achieved. The geometric parameters of the
simulated two-layer cantilevers were chosen to match the corresponding experimental
values. For the simulation boundary conditions, in order to find the spring constant and the
corresponding apparent bending stiffness (more details about the apparent bending
stiffness will be introduced in Chapter 4) of the two-layer plate mechanical metamaterial,
a normal out-of-plane load was applied to one end of the cantilever and the other end was
fixed. Also, mirror symmetry boundary conditions were applied to the left and right edges
of the cantilever along its length. Figure 3-8 shows how the plate apparent bending stiffness
𝐷app changes with the plate height ℎ for the two-layer plate and the perfect sandwich plate
(i.e., a plate containing two planar face sheets with a corrugated webbing in between, which
limits the relative lateral shear between the two sheets). The former is predicted by the
finite element simulations based on the relationship between the two-layer cantilever spring
constant 𝑘 and its effective bending stiffness 𝐷app , namely 𝑘 = 3𝑊cant 𝐷app /𝐿3cant , where
𝐿cant and 𝑊cant represent the length and width of the cantilever respectively. On the other
hand, the latter is predicted by the theoretical bending stiffness of the perfect sandwich
structure with the formula 𝐷sandwich ≈ 𝐸𝑡ℎ2 /2, where 𝑡 and ℎ are the plate thickness and
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plate height respectively. It is shown from Figure 3-8 that, when the plate height ℎ is low,
the apparent bending stiffness of the two-layer plate 𝐷app first increases quadratically with
ℎ. Furthermore, 𝐷app is around a factor of two lower than the bending stiffness of the
corresponding perfect sandwich plate 𝐷sandwich with the same thickness 𝑡 and height ℎ. It
is not surprising that the two-layer plate has a lower bending stiffness than the perfect
sandwich plate because there are etch holes on the top layer of the two-layer plate, as
opposed to continuous face sheets of a perfect sandwich plate. When the plate height ℎ is
more than around 10 μ𝑚, the two-layer plate apparent bending stiffness saturates because
it becomes shear-dominated, just like the nanocardboard plates considered in section 4.4
below.

However, even at relatively low plate heights (1-3 μ𝑚), the apparent bending stiffness of
the two-layer plate is much higher than that of the corresponding single-layer plate. It is
predicted from Figure 3-8 that the apparent bending stiffness of the two-layer plate 𝐷app is
around 2 × 10−9 N ∙ m if ℎ = 1 μm and it is about 10−8 N ∙ m if ℎ = 3 μm . For
comparison, the apparent bending stiffness of the single-layer plate with the same 60-nmthick alumina film and the similar in-plane geometry is around only 3 × 10−11 N ∙ m. Thus,
the plate apparent bending stiffness is increased by 2-3 orders of magnitude with the
addition of a second ALD layer while the areal density is less than doubled, and is around
0.5 g/m2.
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Figure 3-8: Apparent bending stiffness vs. plate height for both two-layer plate mechanical
metamaterials (symbols) and the corresponding ideal sandwich plates (solid line) [26].
(Performed by Drew E. Lilley.)

3.3.4 Bending Stiffness Experimental Measurements
In order to confirm the predictions of the finite element simulations, the spring constants
of the two-layer cantilevers were determined by measuring the force-displacement curves
at the cantilever tips using an Asylum atomic force microscope. Considering the low spring
constants of the two-layer cantilevers, soft AFM probes which have spring constants of
𝑘AFM tip ≈ 0.01 N/m and 0.26 N/m were used and their spring constants were determined
by Sader method. Similar to the AFM measurement principle introduced before, the two57

layer cantilever and the AFM cantilever are modeled as two springs in series so the total
effective spring constant 𝑘total can be calculated as the slope of the force-displacement
−1
−1
−1
curve, which satisfies 𝑘total
= 𝑘cant
+ 𝑘AFM
tip . Based on this equation, it was found that

the spring constants of the 1-μm-high and 3-μm-high two-layer cantilevers were 1.5 ± 0.3
mN/m and 5.4 ± 1.1 mN/m respectively. Since the cantilever length 𝐿cant and width 𝑊cant
are 1 mm and 0.45 mm respectively, the effective bending stiffness of the two-layer
cantilever can be determined as 𝐷app = (𝑘cant 𝐿3cant )/(3𝑊cant ), which leads to (1.1 ±
0.2) × 10−9 N ∙ m and (4 ± 1) × 10−9 N ∙ m for the 1- μm -high and 3- μm -high
cantilevers respectively. These experimental bending stiffnesses are about half the
corresponding values predicted by the simulations, which can be possibly explained by the
lower actual plate heights compared with the as-designed values. In spite of this
discrepancy, the experiments fully support the increasing trend of the bending stiffness
with the increasing plate height predicted by the finite element simulations.

3.3.5 Shape-recovering Property
Similar to the single-layer plate mechanical metamaterial, the two-layer plate mechanical
metamaterial also has the surprising shape-recovering property, which can sustain
extremely sharp bending deformations without any permanent deformation or visible
damage (Figure 3-9). By using the micromanipulator probe to bend the two-layer plates
sharply in the FEI Strata FIB tool, we observed that they could pop back to their original
shapes. This is significantly different from the behavior of macroscale sandwich
composites (e.g. honeycomb sandwich plates), which usually delaminate, irreversibly
58

buckle or fracture after such large deformations [82, 83]. For instance, for a conventional
sandwich composite plate, the delamination of its face sheets from the webbing which
connects the two face sheets can occur undergoing sharp folding or bending. Also, the
webbing of the macroscale sandwich plate can be crumpled by irreversible buckling. In
both of these two cases, permanent deformation and weakening typically takes place in the
regions which undergo large deformations. However, for the two-layer plates, no
irreversible change was observed from the high resolution SEM images after extremely
sharp deformations (Figure 3-9). Although the internal structures of the two-layer plates
are clearly changed by the local buckling of the vertical walls after extreme bending, it
appears that the deformations are fully elastic, which reverse after the removal of the
external forces. While the exact nature of this mechanical robustness still needs further
investigation, similar shape recoverability has been found in “bulk mechanical
metamaterials” such as nanolattices made from ALD alumina [4].
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Figure 3-9: Sequential SEM images of a two-layer plate (2-μm-height) showing its shaperecovering property under extremely sharp bending deformations with no visible damage
[26].
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CHAPTER 4: Nanocardboard: Hollow ALD Sandwich Plates
4.1 Introduction
4.1.1 Background and Objectives
The sandwich structure, consisting of two planar face sheets connected with a webbing or
foam core, is a design optimally engineered for applications that need plate-shaped
structures of high stiffness and low weight [82, 83]. Different types of sandwich structures,
like honeycomb sandwich plates and corrugated cardboard, have not only revolutionized a
great many aspects of packaging, shipping, transportation and architecture industries, but
also are commonly found in nature, including in skeletal bones of particular birds,
crustacean shells, microscopic diatom shells, and plant leaves [102-106]. In all of these
examples, maximizing resistance to bending and shear but minimizing weight confers
critical evolutionary or economic advantages.

Sandwich plates have remarkably higher bending stiffness compared with a thinner solid
plate with the same weight. It is because the two face sheets of the sandwich plates are
offset from each other, which increases the effective area moment of inertia, and the
shearing of the two planar face sheets is limited by the webbing core [82, 83]. The
corresponding bending stiffness enhancement, relative to a solid plate with the same mass,
is defined as the enhancement factor or shape factor [103, 107], which increases with the
plate height and decreases with the face sheet thickness. Typically at the macroscale, the
enhancement factor is limited to 10-100 since it is difficult for the face sheet thickness to
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be decreased below around 100 μm for paper cardboard, or fractions of 1 mm for metals
or fiber-reinforced resin [103, 107, 108]. Since sandwich plates are generally employed to
support out-of-plane loads, using face sheets with nanoscale thickness can result in much
higher enhancement factors. As a result, it contributes to the creation of sandwich structures
which do not bend or sag under their weights, feature high flexural resonance frequencies,
or minimize the weights of structural components with plate shapes.

Many theoretical results on the mechanics of sandwich plates were formerly derived by
considering them to be a class of cellular solids because their webbing cores are typically
either foams, periodic lattices, or trusses [103]. Experimentally, recent research has
significantly concentrated on the formation of new cellular solids which employ nanoscale
thickness films as structural elements, especially in a truss-like architecture. Typically
these mechanical metamaterials are stiffer, lighter, stronger and smaller compared with
their solid or random cellular material counterparts [5, 11, 29, 61, 88, 89, 109-111].
Particularly, mechanical metamaterials with optimal designs have relatively high Young’s
moduli even at extremely low densities, which is in contrast to most man-made and natural
foams. These high Young’s moduli can potentially contribute to high bending stiffnesses,
but most truss-like mechanical metamaterials were manufactured in a cube-like shape
instead of a plate-like shape, and were neither characterized nor optimized for bending
loads.
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Shrinking sandwich structures to micro/nano-scale would lead to a structure exhibiting
optimally high bending stiffness at an ultra low weight, therefore allowing new applications
in, for instance, scanning probe cantilevers, structural materials for microflyers, resonant
chemical sensors, micro-gap thermal insulation, and other micro-electro-mechanical
systems. However, micro/nano-scale sandwich plates have not been systematically studied
or manufactured yet. The world’s thinnest commercial [112] and published [29, 31, 34, 68,
100, 113] sandwich structures are still macroscopic since they have face sheet thicknesses
of tens of microns and overall heights in the order of magnitude of 1mm. The main
difficulty in manufacturing even smaller sandwich structures is that the typical bondingbased assembly process for webbing and face sheets does not scale well to the micro/nanoscale, and thus manufacturing face sheets or traditional honeycomb cores with nanoscale
thickness is not realistic by using the techniques reported before [31, 34].

4.1.2 Proposed Approaches
We recently introduced the plate mechanical metamaterial concept, reporting corrugated
single-layer plates with nanoscale thicknesses (25-100 nm) which were fabricated using
only standard micro/nano-fabrication techniques, and could easily scale to centimeter-scale
areas or larger [8]. However, all mechanical metamaterial designs which were reported
previously, including ours, did not show the optimal scaling of the bending properties
changing with density and height which is provided by the sandwich structure. Here,
nanocardboard is introduced, which is a plate mechanical metamaterial and is a nanoscale
analog of web-core sandwich plates or corrugated cardboard. The nanocardboard structure
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has nanoscale thickness of webbing and face elements, microscale plate height, as well as
centimeter-scale lateral dimensions. Mechanical characterization results of nanocardboard
cantilevers show that the unique scaling properties of macroscopic corrugated cardboard
or sandwich plates translate well down to sub-100 nm dimensions. Additionally, owing to
the high height-to-thickness and length-to-thickness ratios (up to ~1000 and ~200,000,
respectively), the spring constants of nanocardboard cantilevers with optimal designs can
be increased by over four orders of magnitude compared with solid cantilevers with the
same areal density, greatly exceeding the enhancement factors of 10-100 normally
available at the macroscale.

Figure 4-1(a) shows that the fabricated nanocardboard plates can achieve lateral
dimensions of over 1 cm and demonstrate high rigidity and flatness, which allows the
nanocardboard plates to be picked up by hand easily. Nevertheless, the webbing and face
sheets of the nanocardboard structures are different from those of the conventional
macroscopic sandwich structures in principal ways. Particularly, the webbing is comprised
of spanning tubes (Figures 4-1(b)-(d)), which is different from the interconnected
honeycomb core in honeycomb sandwich structures or the wavy webbing in corrugated
cardboard. In addition, the face sheets are not continuous; instead, they include perforations
which match the webbing tube cross sections. This design makes it possible that the face
sheets and webbing film can be deposited on a sacrificial mold simultaneously, leading to
a monolithic hollow sandwich structure made from a single material (aluminum oxide)
with nanoscale thickness (50-400 nm). The micro/nano-fabrication process details of these
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nanocardboard plates are described in the following Fabrication section. In short,
photolithography and etching were used to create a thin sacrificial silicon mold with the
webbing tubes. Next, the nanocardboard alumina shell was conformally deposited around
the whole silicon mold using ALD, and finally released by fully etching away the silicon
mold using XeF2. The complete sacrificial silicon mold removal could be verified by
weighing the centimeter-scale-area nanocardboard plates.

The webbing/perforation pattern is important to mechanical properties of both
nanocardboard and sandwich plates since the bending stiffness is mostly determined by the
face sheet tensile stiffness, which can be reduced by any perforations. Figure 4-1(e) shows
one possible design of the nanocardboard structure which minimizes perforations by
employing widely-spaced cylindrical webbing in a nearly hexagonal pattern. However,
Figures 4-1(f) and (g) show that the thin face sheets of the fabricated nanocardboard plates
with this widely-spaced cylindrical webbing suffer from spontaneous wrinkling along the
straight lines between the webbing cylinders, resulting in inconsistent and unpredictable
mechanical properties (further discussion in the following Wrinkling Issue section). The
wrinkles can be avoided by using alternative webbing patterns which meet the no-straightline rule [8], namely, any potential straight-line wrinkle must intersect a vertical webbing
feature. The basketweave-pattern webbing, shown in Figure 4-1(d), satisfies the nostraight-line requirement and effectively prevents the spontaneous wrinkling in fabricated
nanocardboard samples. Finally, totally different from a macroscopic sandwich plate, the
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fabricated thin nanocardboard plate can recover from extremely sharp bending deformation
(Figure 4-1(h)-(k)), even when its radius of curvature is comparable to the plate height.

Figure 4-1: Schematics and images showing the nanocardboard sandwich plates. (a)
Photograph of a cm-scale nanocardboard plate. (b) SEM images (colored for clarity)
showing a flat basketweave-pattern nanocardboard cantilever and (c) the geometric details
of the basketweave webbing. (d) Computer diagrams of the nanocardboard structures with
either basketweave webbing (plate height and plate thickness are indicated) or (e) widely
spaced cylindrical webbing. This sparsely spaced cylindrical pattern leads to the generation
of wrinkles along straight lines (shown as solid lines) between the webbing cylinders. (f)
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An optical microscope image and (g) a zoomed-in SEM image of a cylinder-pattern
nanocardboard cantilever, exhibiting the wrinkles between the webbing tubes. (h-k) SEM
images (colored for clarity) illustrating the shape-recovering properties from extreme
bending deformations for basketweave-pattern nanocardboard cantilevers with 50-nmthick plate thickness and 50-μm-tall and (h, i) 10-μm-tall (j, k) plate heights.

4.2 Fabrication
The two parallel face sheets with rigid webbing in between are fundamental to this
nanocardboard sandwich structure. For typical macroscopic sandwich plates, the webbing
and face sheets are first manufactured separately, and then the two face sheets are bonded
to both sides of the webbing core, therefore forming the final sandwich composite plate
[83]. However, it is not practical for gluing at the nanoscale. Moreover, a large number of
honeycomb sandwich plate composites use a webbing core that is “expanded” from an
easily manufactured shape to cover a much larger region [83]. Again, this fabrication
approach is not realistic at the nanoscale. Due to these reasons, the nanocardboard
sandwich structure is monolithic and produced in a single deposition step, as is shown in
Figure 4-2(a-c).

Silicon-on-insulator (SOI) wafers were deposited with a silicon oxide thin film and then a
silicon nitride thin film by PECVD (Oxford Plasmalab 100 PECVD) to act as the hard
mask for the subsequent photolithography. Next, the wafers were spin-coated with
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Bis(trimethylsilyl)amine (HMDS, MicroChem MCC Primer 80/20) to serve as the
adhesion promoter, prebaked at 115 °C for 1 min on a hotplate to evaporate excess
photoresist solvent, and spin-coated with photoresist (Shipley Microposit S1818), and
again baked at 115 °C for 1 min on a hotplate. The photomask pattern is composed of not
only the webbing pattern but also the sample (chip) outlines which are 13-mm diameter
circles. The photoresist was exposed via contact photolithography (Suss MicroTec, MA6
Gen 3), and then developed in MF-319 (Shipley Microposit) for ~1.5 min, followed by
rinsing the wafer in deionized water and drying it using nitrogen gas flow. The wafers were
then hard-baked at 115 °C for 1 min to make the protective resist layer more durable. For
the purpose of transferring the pattern in the photoresist, RIE (Oxford 80 Plus) processes
were done to etch through the hard mask layers. More specifically, the outline and webbing
pattern was transferred to the hard mask by doing CHF3/O2 RIE until all of the hard mask
was etched away through inspection using an OMe and thickness measurement with a
spectral reflectometer. The CF4 RIE was employed to get rid of the final silicon oxide and
to etch slightly into the silicon device layer. Afterwards, the pattern was transferred into
the silicon device layer via DRIE (SPTS) with alternate exposure to SF6 and C4F8. Thus,
the silicon device layer was entirely etched through to the buried silicon oxide. In order to
separate the samples (chips) from the wafer, the wafer was submerged upside down in a
bath of 49% HF solution for more than 1 hour to remove both the hard mask and the buried
silicon oxide layer. After careful rinses with deionized water, some of the chips were selfreleased from the wafer, although most of the chips still got stuck to the substrate. In order
to separate the rest of the chips from the handle wafer, a sharp razor blade was slowly
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inserted between the chip and the silicon handle wafer inside a water bath, which lifted the
chip from the handle wafer. In the end, all the released chips were air dried.

The structural alumina was then coated using ALD (Cambridge Nanotech S200 ALD) on
individual chips. The chips were attached to a custom glass carrier using Kapton tape so
that both of its top and bottom sides were exposed for alumina deposition. The ALD
process was conducted at 250 ℃ with each cycle having one pulse of water vapor for 0.015
sec, 5 sec delay, another pulse of TMA for 0.015 sec, and another 5 sec delay. Each cycle
contributed to the deposition of a single layer of amorphous alumina of around 1 angstrom.
The final deposited alumina thickness was characterized on a separate prime silicon piece
via spectral reflectometry (Filmetrics, F40 model).

Afterwards, aluminum oxide coated chips were taped to a flat silicon carrier wafer and
laser micromachining was employed to cut the chips into individual cantilevers of with
lengths and widths of different dimensions. An IPG IX280-DXF green laser was applied
at 100 kHz rep rate and 50% power to define the lateral dimensions of the cantilevers as
well as to expose the trapped silicon surfaces of the mold. Various number of repetitions
of the laser micromachining was required to etch through the chips completely, which
depended on the chip thickness. After the laser micromachining, the cantilevers were
mounted on glass slides by using UV-curing epoxy (Loon Outdoors, High Viscosity).
During the mounting, we tried to minimize the damage to the cantilevers and limit the UV69

curing epoxy creeping along the cantilevers beyond the cantilever sections contacting the
glass slides.

The silicon mold was removed using XeF2 vapor (Xactics/SPTS), leaving only the hollow
ALD nanocardboard sandwich structure. For etching large nanocardboard plates, a razor
blade was used to slightly fracture the sample edges as to expose the inner silicon’s etch
surface. The chips were covered with aluminum foil in order to reduce the adverse effects
caused by the XeF2 gas flow during etching. Complete etching required hundreds of cycles
at 2 Torr XeF2 pressure, 60 sec etch time and 3 sec delay time for each cycle (these
parameters might vary in different etching processes). Because of the parallel nature of this
fabrication process, every wafer can lead to many square-centimeter sized nanocardboard
plates like the one shown in Figure. It was easy to tell whether the silicon molds of the
nanocardboard cantilevers were completely removed by looking at them under OM, which
should be optically translucent (all dark silicon regions were gone) for fully suspended
cantilevers.Also, the complete sacrificial silicon mold etching of the centimeter-scale-area
naocardboard plates was confirmed by weighing the masses of large-area nanocardboard
plates on a scale with high precision (Perkin Elmer AD4/C655-0001 system; readout
resolution: 0.1 μg; accuracy: +/- 6 μg; precision: 0.2 μg). The typical experimentally
measured weights were in the order of magnitude of 100 μg and they were within 10% of
the expected theoretical weights calculated from the geometric designs. Figure 4-2(d) and
(e) illustrate the definitions of the geometric parameters and their as-designed and
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measured values are shown in Table 4-1. Table 4-2 shows the analytical areal densities
calculated from the as-designed geometry and the standard alumina density (3900 kg/m3).

Figure 4-2: Computer diagrams of (a-c) the fabrication process (DRIE patterning of the
device layer, liftoff using HF and mechanical peeling, conformal alumina deposition using
ALD, XeF2 vapor release) and (d, e) geometric parameters of nanocardboard plates (plate
height, plate thickness, webbing rectangle gap, webbing rectangle length, webbing
rectangle width).
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Table 4-1: As-designed and experimentally characterized geometric parameters of the
nanocardboard plates.

Plate Thickness

As-designed Values (μm)

Measured Values (μm)

0.05

0.049-0.053

0.1

0.09-0.1

0.4

0.4-0.46

3
10

Plate Height

Not Directly Measured

50
Webbing Rectangle Width

5

5.31-6.25

Webbing Rectangle Length

50

50.9-52.39

Webbing Rectangle Gap

20

17.49-18.6

Table 4-2: Theoretically calculated nanocardboard areal densities.
Areal Density (g/m2)

Plate Thickness (nm)

50

3
0.3753

Plate Height (μm)
10
0.4419

50
0.8221

100

0.7506

0.8837

1.6443

400

3.0025

3.5348

6.5771
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4.3 Wrinkling Issue
The wrinkling or buckling of the two face sheets in sandwich structures, a common
occurrence in macroscopic sandwich plates, can make their mechanical properties
unpredictable. For a few nanocardboard designs, in which the webbing core was a nearly
hexagonally periodic array of cylinders (Figure 4-3(a)), the wrinkling appeared on the face
sheets with thicknesses of 100 nm or less (Figure 4-3(b)). The wrinkles were occurring
over entire cantilevers since the cylindrical webbing was disconnected (not forming a
continuous array such as in the honeycomb webbing core). Moreover, these cylinders were
widely spaced. Figure 4-3 is a schematic showing how straight lines can be drawn across
the face sheet without intersecting any vertical webbing cylinder. The face sheets can thus
wrinkle or buckle along these straight lines. As a result, the wrinkling experimentally
formed along the around 0°, 60° and 120° directions of the lattice (Figure 4-3(d)). During
the mechanical characterizations using the AFM (Asylum MFP-3D), inconsistent forcedisplacement curves were observed because the wrinkles could move and rearrange
themselves during each measurement, leading to discrepant mechanical responses.

For the purpose of meeting the “no-straight-line rule” to avoid wrinkling, the cylinder motif
was replaced with a basketweave motif for all subsequent numerical simulations and
experimental samples. From a mathematical point of view, as long as the gap distance
between two neighboring rectangles is no larger than half of the difference between the
rectangle’s length and width: 𝑔𝑎𝑝 ≤ (𝑙𝑒𝑛𝑔𝑡ℎ − 𝑤𝑖𝑑𝑡ℎ)/2, no wrinkle is allowed along
straight lines between the vertical basketweave-pattern webbing feature. Interestingly, in
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the single-layer and two-layer corrugated plates [8, 26], a similar no-straight-line rule was
applied to enhance the stiffness of the corrugated plates. Nevertheless, in nanocardboard
sandwich plates, its bending stiffness is not necessarily increased due to the no-straightline rule. Instead, its major purpose is to avoid the wrinkle formation along straight lines
which pass between the vertical webbing and thus produce plates with predictable and
consistent mechanical properties. As is shown in Figure 4-3(e), no straight line can be
drawn through a basketweave-pattern face sheet owing to the interruption by the webbing
rectangles, therefore getting rid of wrinkles. Generally speaking, any motif webbing that
stops the continuities of straight lines and is patternable using lithography should eliminate
the wrinkling or buckling effect of the face sheets. Although one can design other possible
webbing patterns for the nanocardboard sandwich structure, the basketweave pattern is the
simplest tiling pattern because of its small repeat-unit size and uniform shape for the
webbing tubes in orthogonal orientations. Other possible design patterns include
herringbone variations, circle or oval arrays with various sizes, and tri-directional
basketweave.
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Figure 4-3: Initial nanocardboard design with cylindrical webbing which was undesirably
affected by wrinkling and improved basketweave webbing design. (a) Computer diagram
of a cylinder-pattern nanocardboard plate and (b) its face sheet wrinkling under OM and
(d) SEM (straight lines passing through face sheets with no intersection of the webbing
tubes. (e) SEM images of basketweave-pattern nanocardboard cantilever showing that
straight line wrinkles can be prevented by the webbing rectangles.

4.4 Mechanical Properties
Bending stiffness, also called flexural modulus, is one of the most principal properties of
architected plates because the plates are typically employed to support out-of-plane loads.
In order to find out the optimal webbing design, extensive simulations were performed by
using COMSOL and Abaqus finite element analyses (excluding geometric nonlinearity).
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The nanocardboard sandwich cantilever structures were modeled by using thin shell
interface. The response of small deformations with one end fixed and the other end applied
by a transverse load was simulated by considering alumina as isotropic linear elastic
material (its Poisson’s ratio and Young’s modulus were modeled as 0.22 and 130 GPa
respectively [8, 100]). The simulation results demonstrated that the bending stiffness 𝐷 of
the basketweave-pattern nanocardboard plate was maximized when the webbing rectangle
length was much longer than its width and the spacing between the webbing rectangles was
as large as the no-straight-line rule is satisfied. Both simulation and experimental results
indicated that a high-aspect-ratio basketweave pattern resulted in a D of approximately
30% of that of an perfect sandwich plate with continuous planar face sheets, 𝐷ideal =
1
2

𝐸𝑡ℎ2 /(1 − ν2 ), where 𝑡 is the plate thickness, ℎ is the plate height, 𝐸 is the Young’s

modulus of ALD alumina, and 𝜈 is the Poisson’s ratio [83]. This matches the previously
reported simulation results of the tensile properties of a sheet which has basketweave
perforations, where its tensile stiffness was about 30% of that of a sheet with no
perforation [114].

In spite of the orthogonal nature of the basketweave-pattern webbing, the bending stiffness
of the nanocardboard plate was approximately isotropic, which deviates by no larger than
10-15 % from the maximum value for various bending directions according to finite
element simulation results (see Figure 4-4(a)). Besides the approximately isotropic bending
stiffness and prevention from wrinkles, the basketweave-motif plates demonstrated
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surprising mechanical robustness with regard to immersion in liquids. When the plates
were immersed in acetone or water, they could survive without showing any failure or
deformation under the optical microscope as a result of the surface tension resulting from
the drying meniscus (see Figure 4-4(b)). This robustness is different from the single-layer
corrugated plates with honeycomb patterns [8], which were generally damaged or
destroyed during the drying meniscus process.
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Figure 4-4: (a) Bending stiffness variation for various orientation angles of the
basketweave pattern with regard to the cantilever length direction (performed by
Pengcheng Jiao). (b) Sequential optical microscope images of acetone drying from the
nanocardboard cantilever (performed by Samuel M. Nicaise). The darker green regions
have acetone inside while the lighter green areas have no liquid within the cantilever. The
time lapse for these five optical microscope images is around six minutes. All scale bars
are 200 μm.
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To measure the mechanical properties of the nanocardboard plates, the responses of the
nanocardboard cantilevers to out-of-plane loads were characterized using AFM. Generally,
for an out-of-plane tip load 𝐹 on a cantilever with width 𝑊 and length 𝐿 , the total
deflection 𝛿total is attributed to both the bending and the shearing deformations: 𝛿total =
𝐹𝐿
𝐺ℎ𝑊

+

𝐹𝐿3

[83], where 𝐷 and 𝐺 are the bending stiffness and the transverse shear modulus

3𝐷𝑊

of the cantilever material respectively. For a solid cantilever with its length 𝐿 much larger
than its thickness 𝑡, typically the bending-induced deflection dominates, and the shearinduced displacement can be ignored. Micro-fabricated cantilevers reported before were
generally solid and long, therefore showing negligible shear-induced deflection.
Accordingly, they could be well described by the Euler-Bernoulli theory, and their spring
constants were determined by their bending stiffnesses: 𝑘cant = 3𝐷𝑊/𝐿3 . The bending
stiffness of a solid cantilever is given by 𝐷solid =

3
𝐸𝑡𝑠𝑜𝑙𝑖𝑑

12(1−𝜈 2 )

, where 𝐸 is the Young’s

modulus, 𝜈 is the Poisson’s ratio and 𝑡𝑠𝑜𝑙𝑖𝑑 is the solid cantilever thickness. Combining
these two formulas, the spring constant of a solid cantilever with a high aspect ratio 𝑘solid
is

3
𝐸𝑊𝑡𝑠𝑜𝑙𝑖𝑑

.

4𝐿3 (1−𝜈 2 )

In contrast to solid cantilevers, hollow cellular plates can have quite a low shear modulus
and exhibit shear-dominated deflection even with moderately long lengths [83]. Thus, the
standard Euler-Bernoulli relationship gives the apparent bending stiffness of a solid
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cantilever with the same deflection 𝐷𝑎𝑝𝑝 = 𝑘cant 𝐿3 ⁄3𝑊 instead of the true bending
stiffness. Based on the more accurate Timoshenko beam theory, the total deflection of the
nanocardboard cantilever can be calculated as the sum of the bending and shear-induced
𝐿2

deflections, resulting in 𝐷app = 𝐿2 /(

𝐷xx

+

3
𝐺ℎ

), where 𝐺 (N m-2) is the transverse shear

modulus of the sandwich plate and 𝐷xx (N m) is its true bending stiffness. For a short
nanocardboard cantilever (Figure 4-5(a) bottom), the deflection is shear-dominated and its
apparent bending stiffness increases with the length of the cantilever as 𝐷app = 𝐺𝑡𝐿2 ⁄3.
However, above a specific critical length [115], the total deflection becomes bendingdominated and 𝐷app saturates at the true bending stiffness 𝐷xx (Figure 4-5(a) top). As
previously noted, this saturated apparent bending stiffness of the nanocardboard sandwich
structure is ~30% of that of an ideal sandwich plate, or 𝐷xx ≈ 0.3 × 𝐷𝑖deal ≈ 0.3𝐸𝑡ℎ2 /2.

In order to determine the bending stiffness and shear modulus experimentally,
nanocardboard cantilevers, with lengths 𝐿 between < 0.5 mm and > 10 mm and widths
𝑊 ≤ 500 μm, were fabricated. The force vs. displacement curves were measured using
AFM along the lengths of the cantilevers, giving 𝑘cant and hence the experimental values
of 𝐷app . Figure 4-5(b) shows two examples of 𝐷app for various points along the lengths of
two nanocardboard cantilevers, demonstrating the transition from shear-dominated
deflection to bending-dominated deflection. The simulated data points were dependent on
full-size finite-element models. Typically, within the first few millimeters 𝐷app increased
with 𝐿 and then saturated to 𝐷xx above some certain critical length, which is dependent on
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ℎ and 𝑡. As can be seen from Figure, the simulated and experimental data points match
each other well. These simulated and experimental data points were then fitted to the
theoretical formula

𝐷app = (

1
𝐷xx

+

3
𝐿2 𝐺ℎ

−1

)

to extract 𝐷xx and 𝐺 , which are the

characteristic mechanical properties. Figures illustrates the fitted 𝐷xx and 𝐺 according to
the experimental and simulation results, as well as the theoretical predictions, for various
experimental conditions. They agree with each other within the margin of error, which
suggests that both the testing approach and the model are proper for the range of sampled
conditions.

Figure 4-5: (a) Schematic of bending-dominated deformation for a long basketweavepattern nanocardboard cantilever (top) and a shear-dominated deformation for a short one
(bottom). (b) Graph of theoretical, simulated and experimental 𝐷app vs. 𝐿 for two example
nanocardboard cantilevers.

Besides the apparent bending stiffness 𝐷app calculated from the AFM testing performed
along the cantilever length, the 𝐷app of many samples only at the cantilever tips were also
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characterized. While these data were not employed to calculate the reported 𝐺 and 𝐷xx , it
follows similar trends to the “along the length” experimental data which are shown in
Figure and agree well with the numerical simulation results. Figure 4-6 illustrates all these
“tip” data points, the apparent bending stiffness 𝐷app as a function of the cantilever length
at the tip 𝐿. Significant variability (on the order of 10%) can be observed from sample to
sample, which represents the experimental error and the sample-to-sample variation due to
fabrication imperfections. Each experimental condition follows the expected trend of
increasing apparent bending stiffness with cantilever length. The solid horizontal lines
illustrate the simulated saturated bending stiffness of each sample condition.

Figure 4-6: 𝐷app vs. 𝐿 plot for various experimental nanocardboard cantilevers with tip
load. The dotted lines are guiding lines for the eye and the straight solid lines represent the
saturated 𝐷app which is about 30% of the bending stiffness of the corresponding ideal
sandwich plate. The experimental data scattering can be observed.
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Besides the finite-element simulations, a simplified bi-rod-derived analytical model was
also developed to show how the true bending stiffness 𝐷xx and the transverse shear
modulus 𝐺 are expected to scale with the webbing geometric parameters. The model is
composed of two planar face sheets connected by cylindrical webbing and they are all
capable of elastic extension, bending and shearing. The governing equations which are
obtained from the balance of forces and moments can accurately describe the mechanics
of the webbing and the outer plates by assuming homogeneous loading and boundary
conditions along one direction. A new feature of this model is that the discontinuous nature
of the webbing pattern is taken into consideration, which is important for deriving the
correct scaling laws. As shown in Figure 4-5(a) bottom, the nanocardboard face sheets
deform in the stair-case fashion instead of with a smooth outline, and our analytical model
takes this discontinuous nature into account by introducing the webbing spacing/period 𝑠.

This bi-rod-based analytical model provides accurate qualitative predictions for the scaling
of the shear transverse modulus and bending stiffness with the webbing geometric
parameters, even though the quantitative predictions are less accurate because the 2D
analytical model is not able to capture the full complexity of the actual 3D basketweavepattern webbing. Based on this model, 𝐷xx and 𝐺 are predicted to scale as 𝑡ℎ2 and
𝑡 3 /(𝑠 2 ℎ), respectively. The critical length 𝐿90 is defined as the cantilever length when
𝐷app is 90% of its maximum value 𝐷xx , which is predicted to scale as 𝑠ℎ/𝑡. As can be seen
from Figures 4-7(a) and (b), the fitting-determined data points generally agree with the
scaling which is predicted by the bi-rod-derived analytical model. Particularly, 𝐷xx scales
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as 𝑡ℎ2 more than four orders of magnitude by following variations in both 𝑡 and ℎ. The
shear modulus 𝐺 scales as 𝑡 3 ⁄(𝑠 2 ℎ), although the experimental results deviate from the
theoretical and simulation values for the largest thickness (𝑡 = 400 nm). This discrepancy
can be possibly explained by the imperfect clamping effect because the discrepancy only
appears for the measurements of the thickest and shortest samples.

As shown in Table 4-3, the experimental fitting-determined true bending stiffness of the
nanocardbord cantilever generally scales with both plate height and plate thickness as
predicted. Moreover, according to Figure 4-7(a), the simulation fitting-determined 𝐷xx
matches the theoretical results within 19% relative error, which suggests that our
numerical model offers an accurate prediction. In a similar way, the experimental fittingdetermined data points of 𝐷xx match the theoretical trends within 38% relative error at
high 𝐿90 , large 𝐷app and large 𝑡 ( ℎ/𝑡 ≥ 100 , 𝑡 ≥ 100 nm ). There are three main
situations that introduced large errors in which the deviations are > 50%. First, for 𝑡 = 50
nm it was hard to keep a low relative error in the deposited alumina thickness. Second,
experimental noise would increase during the sample AFM testing with low 𝐷app
compared with larger 𝐷app cantilevers which are relatively noise-free. Last, nanocardboard
cantilevers with small ℎ/𝑡, or low 𝐿90 , had comparatively fewer unsaturated 𝐷app data
points which were available for accurate fitting. As for shear modulus 𝐺 (Figure 4-7(b)),
the simulation fitting-determined 𝐺 data points match the theoretically predicted trends
(relative error < 40%) except for: the nanocardboard samples with 400 nm plate thickness,
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again where the fitting results were error-prone because of the relatively few data points in
the short length, shear-dominated region; and with 10 μm plate height, which needs to be
further investigated. The experimental fitting-determined data points of 𝐺 only agree with
(relative error < 32%) the theoretical values at high 𝐿90 and large 𝐷app (ℎ/𝑡 ≥ 500, ℎ =
50 μm ), where the exceptions can also result from the second and third reasons as
described above.

Figure 4-7: Experimental fitting-determined and simulation fitting-determined (a) 𝐷xx and
(b) 𝐺 along with the theoretical predictions. 95% confidence interval error bars for the
experimental fitting-determined results are shown while not displayed for the simulation
fitting-determined data points for clarity.
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Table 4-3: Experimental fitting-determined true bending stiffness and shear modulus
(95% confidence bound errors bars are offered).
Thickness (nm) Height (μm)

𝐷xx (Nm)

100

50

4.13E-6

100

10

1.62E-7

400

50

1.22E-5

400

10

1.15E-6

50

50

1.45E-6

50

10

2.39E-8

400

3

1.88E-7

100

3

3.80E-9

+7.76E-7
-7.76E-7
+5.65E-8
-5.66E-8
+2.36E-6
-2.35E-6
+3.68E-7
-3.69E-7
+1.043E-6
-1.04E-6
+1.899E-8
-1.90E-8
+1.774E-7
-1.77E-7
+4.445E-9
-3.80E-9

𝐺 (N/m2)
1.24E4
1.78E4
6.09E4
1.40E5
1.70E5
4.22E3
1.07E5
4.10E5

+2.09E-3
-2.09E-3
+1.036E4
-1.036E4
+1.726E4
-1.726E4
+7.246E4
-7.246E4
+5.970E2
-5.970E2
+4.083E3
-4.083E3
+1.067E5
-1.067E5
+4.100E5
-4.100E5

Figure 4-8(a) compares the bending stiffness of the nanocardboard plate with previously
reported materials of similar millimeter-scale lateral dimensions and micron-scale height
[8, 27]. Similar to Ashby plots which illustrate elastic modulus versus density for bulk
materials [57, 83, 116], this figure shows the natural figures of merit for plate materials
with low weights: true bending stiffness versus areal density. In order to provide a simple
baseline, the theoretical stiffnesses of solid ALD alumina plates (0.1-6.4 μm plate height)
and solid silicon (0.1-10 μm plate height) are also included in the figure, for which
𝐷solid =

𝐸𝑡 3
12(1−𝜈 2 )

=

𝐸 𝐴𝐷3
,
12(1−𝜈 2 )𝜌𝑠3

where 𝜌𝑠 is the standard volumetric density of the solid

alumina or silicon and 𝐴𝐷 is the areal density. As the theoretical lines and data points show,
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the nanocardboard bending stiffness increases with areal density quickly because the
bending stiffness scales with ℎ2 while the added weight of the webbing core is quite low.
At the lightest end, lower than 1 g m-2, the nanocardboard plate with 50 nm thickness
outperforms our previously reported single-layer plate mechanical metamaterial [8]. The
taller nanocardboard structure is also a lot stiffer than another reported alumina-based
plate-shaped metamaterial which used the inverse-opal microarchitecture [27]. Besides
engineered plate materials, nature also gives a nano/microscale sandwich structure example
in the silica skeleton of diatoms [104, 110, 111, 117, 118]. Up till now, this diatom shell
bending stiffness has not been measured directly, though the Young’s modulus of the
biosilica composite reported before ( ~36 GPa or less) [118, 119] suggests that the
nanocardboard sandwich structure is stiffer than the shell.

Following the literature on macroscopic sandwich structures as well as other hollow
structures [103, 107], the enhancement factor or shape factor can be defined as the ratio of
the nanocardboard plate bending stiffness to the corresponding solid beam bending
stiffness with the same areal density. For macroscale structured plates and beams, including
sandwich plates, the maximum practical enhancement factor is typically smaller than 100
[103, 107]. This limitation of the enhancement factor is not intrinsic to the sandwich
structure because its enhancement factor scales with the plate height while inversely with
the thickness of the face sheets [82, 115, 120]. Instead, these practical limits are determined
by the material fracture strength, the added adhesive weight, the cell size of the core
material, the minimum achievable face sheet thickness, or the machining limits for the
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webbing cores. The nanocardboard structure provides a unique platform to overcome these
limitations since the thickness of the face sheets can be scaled down to tens of nanometers.
Furthermore, the glue is avoided altogether because the whole structure is made in a single
deposition step. According to the analytical optimization, the maximum bending stiffness
enhancement factor for the nanocardboard structure can be achieved when the core element
weight equals the weight of one face sheet, which contributes to the bending stiffness
enhancement by over four orders of magnitude with the experimental geometric parameters
(Figure 4-8(b)).

Theoretically, the nanocardboard bending stiffness can be increased indefinitely by
increasing both the webbing spacing and the plate height. However, with regard to shear
deflections, the resulting nanocardboard cantilever will become extremely soft. Thus,
optimizing only the bending stiffness makes sense only when the cantilever is very long,
and hence bending dominated. Under all the other conditions, the shear modulus should be
maximized simultaneously as the bending stiffness to maximize the overall nanocardboard
cantilever spring constant. As can be seen from Figure 4-8(c) and (d), the maximum spring
constant enhancement factor EFk (relative to a solid plate with the same weight) can be
achieved at certain optimal webbing rectangle length and plate height. The optimal values
of the webbing period and the plate height are both proportional to √𝐿𝑡 , while the
maximum spring constant enhancement factor is proportional to 𝐿/𝑡, and hence exceeds
four orders of magnitude for the experimental geometric parameters. As shown in Figure
4-8(c) and (d), the analytical and finite-element simulation results match, demonstrating
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that for the specific plate thickness of 50 nm and cantilever length of 9 mm, the
nanocardboard plate with 50 μm height achieves almost the optimal spring constant
enhancement factor. It should be noted that this analysis for the optimal design can be
easily extended to other thicknesses and lengths as well as from singly clamped plates to
other boundary conditions (e.g. doubly clamped plates).

Figure 4-8: (a) True bending stiffness vs. areal weight density comparisons between
nanocardboard plates and other plate materials (inverse opal alumina shell [27] and singlelayer plate mechanical metamaterials [8], solid alumina and silicon beams). The bending
stiffness of nanocardboard plates is offered as both theoretical trend lines and experimental
data points. Bending stiffness enhancement factor vs. nanocardboard cantilever height
89

according to the experimentally used basketweave-pattern geometric parameters (𝑔 =
25 μm, 𝑙rect = 50 μm, 𝑤rect = 5 μm). (c) Contour and density plots of the spring constant
enhancement factor vs. rectangle length and cantilever height according to the analytical
model results and (d) interpolated finite element simulation results. Plate thickness an
cantilever length are assumed to 50 nm and 9 mm respectively, and the corresponding
experimental parameters are pointed out as the three open circles. (Performed by Igor
Bargatin, Pengcheng Jiao and Samuel M. Nicaise.)

In addition, the nanocardboard plates with low plate thicknesses could also sustain
extremely sharp but recoverable bending deformations without any visible damage, as
shown in Figure 4-1(h)-(k) and Figure 4-9 (a), (c), (e) and (f). This behavior is
unprecedented in macroscopic sandwich plates, which generally fail by the yield, fracture
or delamination of a face sheet, or the irreversible buckling of the webbing core when
subject to large deformations [82, 83]. For plastic, paper and metal sandwich composite
plates, the failure usually takes place when the radius of curvature is approximately two
orders of magnitude greater than the sandwich plate height, and as long as a macroscopic
sandwich plate has a fold line, it is able to be irreversibly weakened and typically unable
to recover its original shape and bending stiffness. In contrast, thin nanocardboard plates
are able to sustain a radius of curvature down to a few times the nanocardboard’s
characteristic element size—the webbing period or the plate height, whichever is larger—
and fully recover after such large deformations.
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Bending the nanocardboard cantilevers with large deformations was performed for select
samples to determine minimum radius of curvature which could be achieved without
apparent plastic deformation or fracture. As can be seen from other bulk mechanical
metamaterials, much larger failure-free deformations can be allowed by using elements
with nanoscale thickness, compared with what would be expected from similar macroscale
materials [5, 11]. Likewise, the nanocardboard plates could recover to their original shapes
after being deformed to have a radius of curvature < 100 μm. In order to achieve such
extreme bending deformations, the free-ends of nanocardboard cantilevers were spatially
translated using an Omniprobe tip, first bending the nanocardboard cantilever down, and
then applying compression to the cantilever. The obtained SEM images were employed to
characterize the radius of curvature for various conditions of nanocardboard plate height,
plate thickness, as well as distance of the Omniprobe tip from the cantilever base. Note that
although most bent cantilevers recovered to their original shapes, partial or complete
fractures were seen from some of the nanocardboard cantilevers when extreme or complex
displacements were applied. The sharp probe also caused damage to many cantilevers,
which sometimes punctured the nanocardboard.

The Abaqus finite element shell models of extremely bent nanocardboard cantilever
employed the same two steps as the sharp bending experiments: first bending to introduce
buckling imperfection, and then compressing. In order to completely investigate the effects
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of large deformation, the geometric nonlinearity was considered and dynamic explicit
simulations were performed. Also, alumina films were modeled to have isotropic linear
elastic properties, with the Poisson’s ratio and Young’s modulus set as 0.22 and 130 GPa
respectively [8, 100]. To ensure that the model converges, displacements were applied at
the cantilever free end. Particularly, at the first bending step a transverse displacement at
half of the cantilever width was placed, and at the second compression step a longitudinal
displacement along the cantilever length direction was applied. Figure 4-9(b) and (d) show
the resulting deformation images, where the colors stand for the principle in-plane strains.
The deformation shapes predicted by the finite element model match the experiments.
Therefore, the finite element model studies suggest that the local strains on the plates never
exceed ~1%, which is smaller than the typical yield strain of ultrathin ALD alumina films
[121], so the nanocardboard plates do not irreversibly buckle or fracture as was
demonstrated in the experimental bending.
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Figure 4-9: Abaqus simulation (performed by Pengcheng Jiao) and SEM images showing
the extreme bending and shape recovery behavior of nanocardboard cantilevers with
different geometric dimensions. (a) and (b) ℎ = 50 μm , 𝑡 = 50 nm . (c) and (d) ℎ =
10 μm , 𝑡 = 50 nm . (e) ℎ = 10 μm , 𝑡 = 50 nm (another sharp bending test). (f) ℎ =
3 μm, 𝑡 = 100 nm.
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4.5 Potential Applications
The nanocardboard plate mechanical metamaterials can be potentially applied as robust
hollow AFM probes, microflyers with ultralow weight, thermal and electrical insulation
layers, and other micromechanical systems for liquid, gas and vacuum environments. First,
nanocardboard hollow sandwich plates provide a way towards developing superlow spring
constant AFM probes. The resonance frequency of a nanocardboard cantilever is similar to
that of a comparably high solid beam, which is the typical AFM probe structure.
Nevertheless, both the spring constant and the mass for a nanocardboard cantilever are 1
to 3 orders of magnitude lower than those for the corresponding solid beam. For instance,
a 25-nm-thick nanocardboard cantilever with typical dimensions of an AFM probe (𝐿 =
200 μm, 𝑊 = 25 μm, ℎ = 0.6 μm) provides a spring constant of only ~0.0013 N/m
(around one order of magnitude smaller than the spring constants of the commercially
available softest solid cantilevers) and the AFM-standard fundamental resonance
frequency of ~11 kHz. A nanocardboard cantilever of these dimensions can recover from
extreme bending deformations, which is different from the brittle nature of other soft
cantilevers currently available, making it not only extremely sensitive but also more
mechanically robust. These advantages could make new scanning probe microscopy
research possible in the novel surface chemistry and biomolecular sensing areas, where
high sensitivity is desired for the purpose of characterizing biomolecule mechanics or
imaging morphology variations. Another potential application for the nanocardboard plate
is to serve as microflyer wings because of mechanical robustness and ultralow weight.
Moreover, other microrobotic flyer structural components (frame, hull, supports, etc.)
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could also be constructed using nanocardboard. On one hand, the nanocardboard plates are
sufficiently stiff and robust to handle the small loads in microyflyers. On the other hand,
the plates are extremely lightweight, which allows for more design latitude for the
remaining components, for example, larger body, heavier electronics.

Nanocardboard plates can also be used as thermally and electrically insulating layers with
micron-scale thickness. In research or industry, sometimes micron-scale gaps are needed
between planar sheets to ensure electrical and thermal insulation, although it is challenging
to achieve such a small gap without shorts. Since the majority of the occupied
nanocardboard volume can be gas or vacuum and, furthermore, alumina itself is an
excellent insulating refractory material, nanocardboard is both electrically and thermally
insulating, even at high temperatures. There are other potential applications.
Characteristics like rigidity and low weight also allow the nanocardboard to be employed
as acoustic membrane or acoustic metamaterials. In this case, the nanocardboard may be
applied as a sensing resonator or a microphone with high frequency. Additionally, since
alumina is generally considered biocompatible, nanocardboard plates can be potentially
used as meshes for the tissue bonding and mending, membranes for experiments where
biological cells should be physically separated by a micron-scale distance, and substrates
for biological medium. For all of these applications, the translucent nature of the
nanocardboard plate mechanical metamaterials may also be important for optical probing
and microscopy.
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CHAPTER 5: Standoffs Used in Thermionic Energy Converters
5.1 Introduction to Thermionic Energy Converters
5.1.1 Background
Figure 5-1(a) shows the working principle of a thermionic energy converter [122].
Basically, electrons evaporate from the hot cathode (emitter) to the cooler anode (collector)
through the vacuum gap, which generates an electrical current through the load [35]. After
the first proposal of thermionic energy conversion about a century ago [123], its laboratory
demonstration was done by the mid-twentieth century [124, 125]. During the 1960 and
1970s, it was reported by numerous research groups that conversion efficiencies and power
densities of thermionic energy converters could achieve ~15% [126] and over 10 W/cm2
[127], respectively.

The essential figure of merit for a thermionic energy converter is the barrier index because
the heat-to-electricity efficiency and power density of the device can be enhanced by
decreasing the barrier index. As can be seen from Figure 5-1(b) [122], the barrier index can
be determined by adding the anode work function (𝜑C ) to the parasitic voltage drop (also
named overpotential, 𝑉gap , the required voltage to move negative space charges in the gap
from emitted electrons). Thus, in order to improve the performance of a thermionic energy
converter, new low work function anode materials can be employed to reduce the anode
work function and at the same time a micro-gap architecture can be applied to overcome
the overpotential loss issue. Because of thermionic energy conversion’s high operation
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temperatures, scalability, lack of moving parts, and potential for both high efficiency and
low cost, it is highly appealing in many applications. For instance, thermionic energy
converters with high working temperatures can be applied as the topping cycles for
conventional coal-fired power plants, which results in the significant reduction of the
carbon emissions. Additionally, wafer-scale, low-cost and high-efficiency thermionic
energy converters can make residential combined heat-and-power (CHP) system feasible,
which can contribute to the decentralization of power generation, decrease of consumer
energy costs, and the reduction of greenhouse emissions.

Figure 5-1: Schematics showing (a) the thermionic energy converter operating principle
and (b) the energy diagram for the process of thermionic energy conversion [122]. (© 2014
IEEE)
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5.1.2 Objectives and Proposed Approaches
Our goal is to develop a thermionic energy converter with high heat-to-electricity
efficiency (25%), high scalability (from watts to megawatts) and low cost (< $1/W) by
making full use of wafer-scale microfabrication to achieve a micro-gap architecture,
employing novel anode and standoff structures to enhance their mechanical robustness,
applying modern anode materials to reducing the work function (Table 5-1 shows the
performance targets of our thermionic energy converter). These innovations can contribute
to the decrease of the barrier index to levels which may rival all conventional heat engines,
and better accommodation of large mechanical strains during the operation.
Table 5-1: Performance targets.
Barrier Index

1.5 eV

Efficiency

25%

Lifetime

> 24 h

Power Output

> 20 W

Device Area

> 2 cm2

Emitter Temperature

1800 K

Collector Temperature

> 600 K

Figure 5-2 shows a schematic of the overall thermionic energy converter architecture. A
heating source like natural gas flame is used to heat the device bottom, raising the
temperature of the tungsten (W) cathode to ~1300-1800 K and leading to electron emission
into the micron scale vacuum gap. Then, the electrons are collected by the cooler anode
made from low work function modern material for the purpose of barrier index reduction
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and high efficiency achievement. The tungsten cathode protected by a SiC thin layer on the
bottom surface is designed for direct conductive heating, which is very important for the
realization of high fuel-to-electricity efficiency as well as the applications of heat
scavenging and small-scale CHP. Nevertheless, this micro-gap conductively heated
thermionic energy converter puts forward new challenges such as how to accommodate the
huge temperature difference and its associated thermal expansion. Among all the
thermionic energy converter tasks, I mainly focused on the design, simulation, fabrication
and characterization of the segmented expansion anode array and the anode-cathode
insulating spacer, as well as the testing of vacuum sealing by applying the liquid metal
eutectic gallium-indium (EGaIn). The segmented expansion anode array has stressrelieving microspring structures to allow the large lateral thermal expansion without
fracture during the device operation (one similar microfabricated spring-based architecture
as shown in Figure 5-3(a) and (b) was successfully employed to accommodate large
thermal expansion [122]). On the other hand, the insulating spacer is used to support the
anode above the cathode, which provides the micron scale vacuum gap to overcome the
space charge issue. Owing to the electron-electron repulsion during the electron transit
between the electrodes, the space charge can significantly limit a thermionic energy
converter’s output power. By reducing the separation between the cathode and the anode,
the total inter-electrode electron charge decreases and the current density increases.
Therefore, the height of the anode-cathode spacer that determines the inter-electrode gap
distance is designed to be below ~10 μm (ideally, inter-electrode spacing should be ~900
nm - ~3 μm, as is shown in Figure 5-4 [36]), which contributes to the elimination of the
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parasitic voltage loss between the electrodes. In the previous demonstrations in 1960s1980s, cesium-plasma diodes were largely preferred rather than this micro-gap technique
because it was easier to manufacture ~100 μm - ~1 mm gaps at that time. Unfortunately,
the larger-gap cesium-plasma diodes gave rise to a large ~0.5 V overpotential, which
decreased the efficiency and output power by a third or more. It was necessary to have this
additional parasitic voltage drop to maintain the cesium (Cs) plasma, which contributed to
the neutralization of the space charge in the large ~100 μm - ~1 mm gaps.

Figure 5-2: Computer diagram of a wafer-scale high-efficiency thermionic energy
converter heated by flame (image credit: John Cortes).
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Figure 5-3: SEM images showing (a) a microfabricated spring-based thermionic energy
converter and (2) its details around the suspended legs [122]. (© 2014 IEEE)

Figure 5-4: “Sweet spot” for inter-electrode gap distance, which is generally on the order
of 1 μm. (Reprinted from [36], with the permission of AIP Publishing.)
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5.2 Anode-cathode Standoff Array
5.2.1 Structural Design of Standoffs
As can be seen from Figure 5-5(a), standoffs (spacers) are placed between the cathode and
anode for thermal and electrical insulation. One in-plane geometric design can be the
straight honeycomb standoffs as illustrated in Figure 5-5(b). It is based on the design of
single-layer plate mechanical metamaterial with the hexagonal honeycomb pattern, which
is composed of u-channel ribs (with flanges) which circumscribe the holes through which
electrons can pass from the hot cathode to the cooler anode. Briefly, there are four basic
design requirements for the anode-cathode standoff array. First, openings need to be
created in the standoff array to let electrons pass through. Second, the standoffs should
have micron-scale plate height to maximize the thermionic energy converter efficiency
[36]. Third, the standoffs should be strong enough to support the anode above the cathode
without fracture under ~1 atm pressure. Finally, the standoffs should provide excellent
thermal and electrical insulation between the two electrodes, which is critical for achieving
high efficiency for a thermionic energy converter.

Heat is transferred from the cathode to the anode through three mechanisms, namely
thermionically emitted electrons, heat conduction and thermal radiation. The heat transfer
caused by thermionically emitted electrons is intrinsic to the process of thermionic energy
conversion and therefore is unavoidable. The other two mechanisms should be minimized
in order to maximize the heat-to-electricity efficiency of the thermionic energy converter.
Particularly, if a thermal short is formed because of the parasitic heat conduction through
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the standoff array, the thermionic energy converter efficiency will be limited significantly.
Thermal conduction can be minimized by carefully designing the spacers between the two
electrodes. Refractory insulating materials such as alumina or hafnia can be employed to
fabricate spacers with various structural designs. Figure 5-6(a)-(d) and (e-h) illustrate the
top-down and perspective schematics of the anode-cathode standoff arrays respectively
with five different as-designed in-plane patterns: straight honeycomb, slightly wavy, super
wavy, hexagon-legged flexible and square-legged flexible standoffs.

Figure 5-5: (a) Schematics showing the location of standoffs in a thermionic energy
converter. (b) One straight honeycomb in-plane structural design for the spacers.
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Figure 5-6: Various spacer geometric designs: (a) and (f) are straight honeycomb standoffs;
(b) and (g) are slightly wavy standoffs; (c) and (h) are super wavy standoffs; (d) and (i) are
hexagon-legged flexible standoffs; (e) and (j) are square-legged flexible standoffs.

In order to compare the mechanical properties of different spacer designs, COMSOL finite
element simulations were carried out to model their small-deformation tensile and
compressive behavior, including geometric nonlinearity. During the simulations, the spacer
plate height and plate thickness were set as 2 μm and 800 nm respectively, and 3D models
made of alumina with isotropic linear elastic properties (assuming Young’s modulus as
130 GPa and Poisson’s ratio as 0.22 [8, 100]) were built. The in-plane simulations were
performed by applying 0.1% tensile strains (𝜀t ) at all the standoff array boundaries along
both of the in-plane x and y directions. Table 5-2 shows the in-plane simulation results for
various standoffs. The average elastic strain energy density can define how compliant one
structure is while the maximum principal stress and the maximum von Mises stress can
determine how easily one structure can break. Therefore, it can be concluded from the inplane simulation results that the wavy and flexible spacers are more stretchable and
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mechanically robust than the straight honeycomb standoffs, and they should be able to
better accommodate large thermal strains. Also, in order to investigate how a spacer would
behave under out-of-plane compression, the bottom plane of a spacer was fixed and
compression displacements were applied at its top plane only in the out-of-plane z
direction. The out-of-plane simulation results shown in Table 5-2 demonstrate that, in
reality (𝜎ceff ≈ 1 atm in a real thermionic energy converter), the standoffs are generally
much more stiff and robust in the out-of-plane direction compared with the in-plane
directions.
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Table 5-2: COMSOL finite element simulation results for various anode-cathode
insulating spacer designs (𝜀t : in-plane biaxial expansion; 𝜀c : out-of-plane compressive
̅ : average elastic strain energy
strain; 𝜎ceff : out-of-plane effective compressive stress; 𝑊
density; 𝜎pmax : maximum principal stress; 𝜎vmax : maximum von Mises stress; 𝐸ceff : outof-plane effective compressive modulus; 𝑢z : out-of-plane displacement).
Straight

Slightly

Super

Hexagon-

Square-

Honeycomb

Wavy

Wavy

legged

legged

Flexible

Flexible

̅ at 0.1% 𝜀t (J/m3)
𝑊

~1561.78

~91.75

~55.42

~50.48

~7.46

𝜎pmax at 0.1% 𝜀t

~1.31

~0.63

~0.77

~0.69

~0.58

~1.14

~0.48

~0.71

~0.54

~0.44

𝐸ceff (GPa)

~1.24

~1.62

~1.69

~2.81

~3.25

𝑢z at ~1 atm 𝜎ceff

~0.230

~0.175

~0.168

~0.101

~0.0873

~18.39

~14.50

~13.70

~7.43

~7.78

~32.11

~18.19

~18.55

~11.21

~11.11

~617.40

~810.88 ~843.18 ~1450.91 ~1623.19

(GPa)
𝜎vmax at 0.1% 𝜀t
(GPa)

(nm)
𝜎pmax at ~1 atm 𝜎ceff
(MPa)
𝜎vmax at ~1 atm 𝜎ceff
(MPa)
̅ at 0.1% 𝜀c (J/m3)
𝑊
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5.2.2 Fabrication
Figure 5-7 shows the fabrication process of the anode-cathode standoff array. The first few
steps were based on the previous fabrication process of the single-layer plate, basically
doing front side patterning first with subsequent RIE or DRIE (the etching depth
determined the plate height of the standoffs) to create a silicon mold and then depositing
aluminum oxide conformally on top of the silicon mold using ALD. The next step was to
remove part of the alumina to define the cantilever dimensions and create as-designed
openings, and this could be achieved by two methods. One method was performing a
second front side photolithography to pattern the holes and then doing ICP RIE. The other
method was using laser micromachining for alignment and hole cutting. Finally, the
standoff arrays were successfully released by etching silicon isotropically using XeF2.
Figure 5-8(a) shows a photograph of a centimeter-sized spacer sample sitting on a
molybdenum mirror. The SEM images of the final released straight honeycomb standoffs
and the slightly wavy standoffs right before XeF2 suspension are shown in Figure 5-8(b)(d) and Figure 5-8(e)-(f) respectively. The ribs, flanges, openings and inter-electrode gap
distance provided by the standoffs can be seen clearly from these SEM images.
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Figure 5-7: Schematic showing the fabrication process of standoffs.
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Figure 5-8: (a) An optical image of a spacer lying on a molybdenum mirror. (b-d) SEM
images of the fully suspended straight honeycomb spacers. (e-f) SEM images of the slightly
wavy spacers right before XeF2 vapor release.
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5.2.3 Thermal Characterization
In order to characterize the thermal conductances of standoffs to ensure they have excellent
thermal insulation properties, a modified meter bar technique was employed based on the
standard ASTM test [128, 129]. Standard ASTM D5470 based testers use heat meter bars
and precise temperature sensors to measure the temperature drop and heat flow across the
interface [129]. Numerous papers modified the ASTM standard through different ways,
such as reducing heat meter bar length [128], using infrared microscopy or ultraprecise
RTD probes for temperature characterization [128, 130, 131], increasing heat flux across
the interface [128], using modulated thermoreflectance technology [132], and employing
the three omega technique [133].

Although thermal contact resistance is typically much smaller compared with the thermal
resistance of the device itself and can be ignored in most cases [134-136], it is not always
true. For instance, Belbachir et al. reported that the thermal contact resistances between the
electrode (either emitter or collector) and the inter-electrode insulators could have a great
effect on the power conversion efficiency of a micro-gap thermionic power generator [137].
By decreasing the contact area between the inter-electrode insulators and the emitter, the
micro-gap conduction heat loss density could be significantly reduced, which contributed
to a notable enhancement of the device power conversion efficiency [137]. For our interelectrode insulating spacer made out of alumina, the contact area between the spacer and
the electrode (either collector or emitter) is extremely small. Therefore, the thermal contact
resistance can be comparable to the thermal resistance of the spacer itself, which should be
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considered during the thermal measurements. As a result, the measured spacer thermal
resistance 𝑅measured mainly includes two components. One is the thermal resistance of the
standoff array itself (𝑅standoffs ) and the other is the thermal contact resistances between
the standoff array and the top electrode (𝑅tcontact ) | bottom electrode (𝑅bcontact ).

Figure 5-9(a) and (b) show a schematic and a photograph of the experimental setup
respectively for measuring the thermal conductances of standoffs based on the modified
meter bar technique and simultaneously characterizing inter-electrode gap distances
according to the electrical capacitance measurement in a vacuum chamber. The metal
(tungsten or gold/chromium) coated silicon pieces represented the thermionic energy
converter cathode and anode in reality (the metal coating also led to good electrical contact
between the copper clip and the electrode, allowing the capacitive measurement of the gap
distance). The DuPontTM Vespel SP-1 polyimide cylindrical rods served as the meter bars
and the thermal conductive tape acted as the thermal interface material between the
polyimide rod and the electrode. We chose polyimide rather than standard copper as the
meter bars because of its much lower thermal conductivity (~1 W/mK vs. ~400 W/mK),
which simplified the measurements of very low thermal conductances.

It should be noted that the top surface of the bottom polyimide rod was round, which
contributed to the self-alignment between the two electrodes. The spacer sample was
placed between the two metal-coated silicon pieces, which were mounted vertically. Force
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can be applied along the direction of the polyimide rods to test how the measured standoff
array thermal resistance changes with the apparent applied pressure. The gap distance
between two silicon pieces was determined by measuring the electrical capacitance of the
corresponding parallel plate capacitor. A sinusoidal source voltage (with the RMS (root
mean squared) voltage 𝑉source and the circular frequency 𝜔) was applied to the reference
resistor (with the known electrical resistance of 𝑅ref ) and the parallel plate capacitor (with
the capacitance of 𝐶 to be measured) in series. The RMS voltage across the capacitor 𝑉C
could be measured by the HF2LI lock-in amplifier. Based on the series circuit voltage
division principle,
formula, 𝐶 =

𝑉C
𝑉source

=

1/j𝜔𝐶
𝑅ref +1/j𝜔𝐶

. Also, according to the parallel plate capacitor

𝜀r 𝜀0 𝐴
𝑑

, where 𝜀r is the relative permittivity (~1 since the space between the

two silicon pieces was mostly in vacuum), 𝜀0 is the vacuum permittivity ( ~8.854 ×
10−12 F ∙ m−1 ), 𝐴 is effective capacitor area, and 𝑑 is the gap distance. As a result, 𝑑 =
𝜀0 𝐴√

2 𝑉2
𝜔2 𝑅ref
C
2
𝑉source
−𝑉C2

.

The thermal characterization of various standoff array samples was carried out by using
the modified meter bar technique in high vacuum so the convection and conduction by air
could be ignored. The temperature of the mock-up cathode 𝑇cathode during the tests was
set to temperatures around ~80-200 ℃. Therefore, the thermal radiation heat flow could
be supposed to increase with 𝑇cathode in a linear relationship. Also, for simplicity, it was
assumed that the heat flow at the top end of the bottom polyimide rod was equal to that at
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the bottom end of the top polyimide rod. According to Fourier’s law, the heat flux across
the sample 𝑞 ′′ = −𝜅polyimide
thermal conductivity and

𝑑𝑇(𝑦)
𝑑𝑦

𝑑𝑇(𝑦)
𝑑𝑦

|interface , where 𝜅polyimide represents the polyimide

|interface represents the temperature gradient near the

sample interface. In addition, the sample thermal conductance can be defined as 𝐶thermal =
𝑞 ′′ /∆𝑇drop  , where ∆𝑇drop is the temperature drop across the sample interface. As a result,
it can be derived that 𝐶thermal =  − 𝜅polyimide

𝑑𝑇(𝑦)
𝑑𝑦

|interface /∆𝑇drop  . A Testo 875i

thermal imager (thermal sensitivity at 30 ℃: < 50 mK) was used to measure the temperature
drop across the sample interface ∆𝑇drop and the temperature profile along the polyimide
rods. Thus,

𝑑𝑇(𝑦)
𝑑𝑦

|interface could be calculated by fitting this temperature distribution to the

fin-structure heat transfer formula 𝑇(𝑦) − 𝑇∞ = 𝐶1 𝑒 𝑚𝑥 + 𝐶2 𝑒 −𝑚𝑥 with 𝑚2 =

ℎ𝑃c
𝑘polyimide 𝐴𝑐

,

where 𝑇∞ is the ambient temperature, 𝑚 , 𝐶1 and 𝐶2 are three constants, ℎ is the heat
transfer coefficient of the sidewalls of the meter bars, 𝑃c is the polyimide cross section
perimeter, 𝑘polyimide is the polyimide thermal conductivity (calibrated as ~1 W/mK by
using a single long polyimide rod to extract 𝑘polyimide from the fitted 𝑚), and 𝐴c is the
polyimide rod cross-sectional area. In order to reduce the noise effects, instead of taking
only one infrared thermal image, an infrared camera (Figure5-9(c)) was used to record a
video, and then extracted and averaged ~1000 frames for each thermal measurement. One
sample thermal infrared frame is shown in Figure 5-9(d). In this frame, the brightness at
each pixel represents how high its temperature is, with the highest brightness corresponding
to the highest temperature. Figure 5-9(e) shows one typical thermal measurement fitting
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result for a spacer sample. The x and y axes represent the length, and the difference between
polyimide rod temperature and ambient temperature at each pixel along the rods. The blue
asterisks are the experimental results and the magenta solid curves are the fitting results.
Since the temperatures were not measured correctly near the interface because of the low
thermal emissivities around that interface region, the data points around the interface were
not used for fitting.

The experimental results shown in Figure 5-10 indicate that the measured thermal
resistance of a spacer, 𝑅measured , does not obviously depend on the gap distance 𝑑 or the
plate thickness 𝑡, but decreases with the apparent applied pressure 𝑃app . We note that the
pressure 𝑃app is assumed to be applied to the total surface areas (i.e. including the areas of
the openings) and is, therefore, equal to the actual pressure applied to the electrodes during
tests. The measured gap distance is in the several micron range as shown in Figure 5-10(a),
which demonstrates that the standoffs can create the inter-electrode gap distance to
maximize the efficiency of thermionic energy converters.

Naively, one could assume that the electrodes perfectly contact the spacer ribs and flanges,
the thermal contact resistances are zero everywhere, and the thermal resistances of the
electrodes and the thermally conductive tape are zero, so the observed thermal
conductances are mainly attributed to the thermal conduction component through the
spacer vertical walls (𝐶cond ) and the inter-electrode thermal radiation component (𝐶rad ).
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Therefore, the “naive” spacer thermal conductance near the room temperature can be
estimated as 𝐶naive ≈ 𝐶cond + 𝐶rad ≈ 𝑘alumina

𝐹𝐹
𝑑

+ 4𝜀tungsten 𝜎𝑇̅ 3 , where 𝑘alumina = ~2

W/(mK) is the ALD alumina thermal conductivity [138], 𝐹𝐹 = ~0.217-1.894% is the
vertical wall fill factor of our standoffs, 𝜎 ≈ 5.67 × 10−8 W/(m-2K-4) is the StefanBoltzmann constant, 𝜀tungsten ≈ 0.03 is the tungsten emissivity, and 𝑇̅ is the average
electrode temperature. Assuming 𝑑 ≈ 3 - 8 μm and 𝑇̅ ≈ 90 ℃ , we obtain that
𝐶rad ~10−2
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mW

mW
cm2 K

is negligibly small, while 𝐶naive ≈ 𝐶cond is on the order of 102 -

.

cm2 K

In reality, only some parts of the standoffs contact the electrodes and the thermal interface
resistances between the spacer and the electrodes are so large that they cannot be ignored.
As a result, the measured thermal conductance of a spacer 𝐶measured (~10-30 mW/cm2K)
is much lower than naively expected. This can be explained by the non-uniform contact
between the standoff array and the electrodes as shown in Figure 5-10(d), which results in
a much longer heat conduction travel path length than the gap distance, as well as
significant thermal contact resistances between the spacer and the top and bottom
electrodes (𝑅tcontact and 𝑅bcontact , respectively).
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Figure 5-9: (a) One schematic and (b) one photograph illustrating the thermal conductance
and gap distance measurement setup. (c) Photograph showing that the thermal imager was
employed to take a video. (d) A sample thermal infrared frame and (e) a sample thermal
characterization fitting result.
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Figure 5-10: (a) Thermal resistance vs. gap distance experimental results for hexagonlegged flexible standoffs (plate thickness is ~800 nm, apparent applied pressure is ~1-3
atm). (b) Thermal resistance vs. plate thickness experimental results for hexagon-legged
flexible standoffs (gap distance is ~4-6 μm, apparent applied pressure is ~1-3 atm). (c)
Thermal resistance vs. apparent applied pressure experimental (asterisks) and fitting (solid
curves) results for standoffs with various geometric designs (red: hexagon-legged flexible
standoffs with ~800 nm plate thickness and ~2.35 μm plate height; blue: super wavy
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standoffs with ~800 nm plate thickness and ~2 μm plate height; black: square-legged
flexible standoffs with ~800 nm plate thickness and ~8.05 μm plate height; light green:
hexagon-legged flexible standoffs with ~800 nm plate thickness and ~2 μm plate height;
magenta: hexagon-legged flexible standoffs with ~800 nm plate thickness and ~4.3 μm
plate height; cyan: hexagon-legged flexible standoffs with ~200 nm plate thickness and
~4.2 μm plate height; dark orange: hexagon-legged flexible standoffs with ~400 nm plate
thickness and ~3.65 μm plate height; dark green: hexagon-legged flexible standoffs with
~200 nm plate thickness and ~4.25 μm plate height). (d) Schematic showing nonuniform contact between the spacer and the electrode, which results in a long heat
conduction travel path.

In order to further investigate the effects of thermal contact resistances between electrodes
and standoff arrays, the existing theoretical models of thermal contact conductance are
discussed below. It is well known that macroscopic and microscopic irregularities existing
on practical solid surfaces will stop two solid surfaces from being in perfect contact even
though high contact pressure is applied (Figure 5-11). The ratio of the actual area of contact
to the nominal area of contact for the majority of metallic joints is only around 1-2% even
if the contact pressure is in the order of magnitude of 107 Pa [139]. The heat transfer
through the contact interface is composed of three parts, namely thermal radiation
(negligible if the interface temperature does not exceed 300 ℃ [140]), thermal conduction
and convection through the interstitial medium (negligible in vacuum), and thermal
conduction across the actual contact solid spots, which is the dominant mechanism in our
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case of thermal characterizations in vacuum close to room temperature. In order to
characterize the additional temperature drop related to a single constriction (here it refers
to the contact spot constraint for heat flow lines), the concept of thermal constriction
resistance 𝑅c can be introduced and defined as 𝑅c = (𝑇 − 𝑇0 )/𝑞, where 𝑇0 and 𝑇 are the
required temperature differences for applying heat flow 𝑞 with and without an existing
constriction. The discussion of constriction resistance can start from the simple circular
disk in half space problem and numerous papers have given its solutions [141-143]. The
constriction resistance 𝑅c equals 0.25/(𝑘𝑎) for constant temperature boundary condition
in the contact area, or equals 0.27/(𝑘𝑎) for uniform heat flux boundary condition in the
contact region, where 𝑎 is the radius of the circular disc and 𝑘 is the thermal conductivity
[140].

Figure 5-11: Schematic illustrating the macro/microscopic irregularities at the contact
interface.
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By applying the conclusion of the circular disk in half space model, it can be derived that
the multiple spot contact conductance ℎs between solid 1 (with thermal conductivity 𝑘1 ,
Young’s modulus 𝐸1 and Poisson’s ratio 𝜈1 ) and solid 2 (with thermal conductivity 𝑘2 ,
Young’s modulus 𝐸2 and Poisson’s ratio 𝜈2 ) in contact can be calculated as ℎs =
2𝑛𝑎m 𝑘eff /𝐹, where 𝑘eff = 2𝑘1 𝑘2 /(𝑘1 + 𝑘2 ) represents the harmonic mean of the thermal
conductivities, 𝐹 represents the constriction alleviation factor (typically, approximately
equal to one), 𝑛 is the number of contact spots at the contact interface, and 𝑎m is the
average radius of the contact spots. In order to figure out how to estimate 𝑎m and 𝑛, surface
and deformation analyses have been applied by a few authors [144-148]. B. B. Mikic
reported
1.13
1.13

𝑘eff 𝑠eff
𝜎eff
𝑘eff 𝑠eff
𝜎eff

that,

for

plastic

deformation

with

low

contact

pressure,

ℎs =

(𝑃⁄𝐻 )0.94 ; for plastic deformation with very large contact pressure, ℎs =
𝑃

(

𝐻+𝑃

)0.94 ; for elastic deformation, ℎs = 1.55

𝑘eff 𝑠eff
𝜎eff

𝑃√2 0.94
) ,
𝐸 ′ 𝑠eff

(

where 𝑃 is the

applied mechanical pressure between the contact surfaces, 𝐻 is the microhardness of the
1−𝜈12

softer material, 𝐸 ′ = [

𝐸1

+

1−𝜈22
𝐸2

−1

]

is the reduced elastic modulus of the two contacting

materials, 𝜎 is the roughness of the equivalent surface, 𝑠eff is the slope of the equivalent
surface [149]. It should be noted that all these results assume rough but flat surfaces. If the
surfaces are not flat, the effect of macroscopic irregularities should also be taken into
account [140]. In the case of the alumina spacer, it can be considered rough but flat and
alumina is a brittle material which means the spacer deforms elastically before it is crushed,
therefore the formula ℎs = 1.55

𝑘eff 𝑠eff
𝜎eff

𝑃√2 0.94
)
𝐸 ′ 𝑠eff

(

can be used to model the effect of

applied pressure on the thermal contact conductance.
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As is shown in Figure 5-10(c), by fitting the experimentally measured thermal resistance
𝑅measured as a function of the apparent applied pressure 𝑃app based on the formula
𝑅measured ≈ 𝑅standoffs + 𝑅tcontact + 𝑅bcontact = 𝑅standoffs +
{[

𝜎efft
(𝑠efft

)0.06

+

𝜎effb
(𝑠effb

)0.06

]

(𝐸 ′ )0.94
1.55(√2)0.94 𝑘eff

}×

1
0.94
𝑃app

1
ℎts

= 𝑅standoffs + 𝐶 ×

+

1
ℎbs

1
0.94
𝑃app

≈ 𝑅standoffs +

(subscripts t and b

represent the top and bottom contact surfaces respectively, assuming only their effective
roughnesses and effective slopes are different), the fitting parameters 𝑅standoffs and 𝐶 were
extracted for various spacer samples. The fitted 𝑅standoffs varied from ~3.76 × 10−2
cm2K/mW to ~6.51 × 10−2 cm2K/mW for different standoff array samples.

To illustrate how much larger the fitted 𝑅standoffs are than those naively expected, we can
use the equivalent gap distance 𝑑equivalent = 𝑅standoffs × 𝐹𝐹 × 𝑘alumina , which is how
large the gap distance would have to be in order to match the measured thermal
conductance in the “naive” case of perfect thermal contact on both the top and bottom
sides. The calculated equivalent gap distance 𝑑equivalent = 𝑅standoffs × 𝐹𝐹 × 𝑘alumina
ranged from ~37 μm (hexagon-legged flexible spacer sample with 𝑡 ≈ 200 nm, 𝑑 ≈ 4.64.7 μm , 𝑅standoffs ≈ 3.97 × 10−2 cm2K/mW and 𝐹𝐹 ≈ 0.47% ) to ~189 μm (squarelegged flexible spacer sample with 𝑡 ≈ 800 nm, 𝑑 ≈ 3.9 -8.4 μm , 𝑅standoffs ≈ 5.34 ×
10−2 cm2K/mW and 𝐹𝐹 ≈ 1.77%). The equivalent gaps therefore exceed the actual gaps
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by 1-2 orders of magnitude, suggesting most of the heat conduction happens horizontally
in the plane of the spacer, as illustrated by Figure 5-10(d), rather than vertically.

Also, the fitted thermal interface conductance prefactor 𝐶 varied from ~7.73 × 10−3
atm0.94cm2K/mW to ~4.78 × 10−2 atm0.94cm2K/mW for different standoff array designs.
In order to estimate the theoretical value of 𝐶 between the tungsten coating surface and the
1

ALD alumina spacer surface, the RMS roughnesses (𝜎 = √ ∑𝑛𝑖=1 𝑧𝑖2 , 𝑧𝑖 represents the
𝑛

̅ as well
vertical distance from the mean line along the x direction), the mean grain sizes 𝐷
as

the

average

absolute

slopes
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∆𝑖 =

1
60

×

based on ASME B46.1 [150]; estimated here as 𝑠 ≈

̅ ) of the tungsten and ALD alumina surfaces (both top and bottom) were estimated
8 × 𝜎/𝐷
according to our AFM measurement results (Figure 5-12), which are listed in Table 5-3.
Thus, for either the top or bottom contact surface, the effective RMS surface roughness can
2
2
be calculated as 𝜎eff = √𝜎tungsten
+ 𝜎alumina
and the effective slope can be calculated as

2
2
𝑠eff = √𝑠tungsten
+ 𝑠alumina
[140], which are also shown in Table 5-3. Since the Young’s

moduli | Poisson’s ratios | thermal conductivities of tungsten and ALD alumina are
𝐸tungsten = 411 GPa | 𝜈tungsten = 0.28 | 𝑘tungsten = 173 W/(mK) and 𝐸alumina = 130
GPa | 𝜈alumina = 0.22 | 𝑘alumina = ~2 W/(mK) [8, 100, 138], the reduced elastic modulus
′

is 𝐸 = [

2
1−𝜈tungsten

𝐸tungsten

+

2
1−𝜈alumina

𝐸alumina

−1

]

≈ 1.046 × 1011 Pa and the effective thermal
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conductivity is 𝑘eff =
as

𝜎efft

𝐶=[

(𝑠efft

)0.06

+

2𝑘tungsten 𝑘alumina
𝑘tungsten +𝑘alumina
𝜎effb

(𝑠effb

)0.06

]

≈ 3.954 W/(mK). As a result, 𝐶 can be computed

(𝐸 ′ )0.94
1.55(√2)0.94 𝑘eff

≈ 13.172

Pa0.94m2K/W ≈ 2.596 × 10−3

atm0.94cm2K/mW, which is approximately a factor of 3-18 smaller than the corresponding
fitting value, depending on the spacer. The discrepancy can be potentially explained by the
macroscopic roughness (e.g. bowing) of the electrodes and the spacers during the
experiments as well as the fact that the spacers have large openings (holes), which both
reduces the contact area compared and increases the actual pressures compared to the case
of planar (hole-less) contact surfaces that the above models were originally derived for.

Figure 5-12: Surface profiles of (a) the tungsten surface, (b) the top alumina spacer surface,
and (c) the bottom alumina spacer surface measured by AFM. (Performed by Mohsen
Azadi.)
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Table 5-3: Estimated RMS roughnesses, mean grain sizes and average absolute slopes.
Tungsten

Alumina

Tungsten/Alumina

RMS Roughness

Top

~0.720

~0.672

Contact Surface
~0.985

𝜎 (nm)
Mean Grain Size

Bottom

~0.720

~3.432

~3.507

Top

~50

~31.75

N/A

̅ (nm)
𝐷
Average Absolute Slope

Bottom

~50

~127

Top

~0.115

~0.169

~0.204

𝑠

Bottom

~0.115

~0.216

~0.245

5.2.4 Mechanical Characterization
An Instron 5564 frame with a ball-tipped indenter was used to characterize how the spacers
behaved under compression (Figure 5-13(a) and (b)). The displacement readings were not
reliable for two major reasons. First, the stiffnesses of the load cell, pin, indenter, mirror,
and glass substrate in the system were lower than the stiffness of the spacer plates and their
contributions to the total displacement were dominant. Moreover, the pin movement
accuracy was ±20 μm which is on the same order of magnitude of the total extension. As
for the load measurement, the accuracy is ±0.005 N, which is much lower than the applied
load, and thus the load readings could be trusted. Considering the limitations in this
mechanical characterization system, the effective compressive strength is the only
important parameter we could quantitatively determine, which is a few hundreds to a few
thousands of kPa for different spacer designs. Optical microscope images (Figure 5-13(d)
and (e)) and videos were taken to study how and where standoffs failed due to compression.
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Figure 5-13(f) shows one typical experimental compression test result of a hexagon-legged
flexible spacer, which indicates an effective compressive strength of ~2.03 MPa.
Therefore, compared with silica aerogels [50], our standoff arrays can not only achieve
higher effective compressive strength but also allow electrons to pass through. The in-plane
tensile stiffness (mechanical stretchability) of a standoff array cannot be easily measured
by performing tensile tests on it because it is too difficult to mount it on the Instron tool.
However, we observed that the wavy and flexible standoffs were much softer to handle in
in-plane directions than the straight honeycomb standoffs.
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Figure 5-13: (a) Photograph of the Instron 5564 frame. (b) A computer cartoon and (c) a
photograph of the experimental setup for standoff array compression tests. optical
microscope images of hexagon-legged flexible standoffs (d) before and (e) after
compression (fracturing can be observed clearly). (f) One typical experimental effective
compressive stress vs. total displacement curve. (Performed by Promise Adebayo-Ige and
Samuel M. Nicaise.)
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CHAPTER 6: Conclusions and Future Directions
In this dissertation, the background and existing studies of mechanical metamaterials were
first reviewed in Chapter 2. Mechanical metamaterials can be classified into two types
based on their structure geometry, namely bulk and plate mechanical metamaterials. Bulk
mechanical metamaterials have been focused on by most past research and they usually
have carefully engineered periodic 3D truss-like architectures at the micro/nano-scale,
which results in unusual mechanical properties, making it possible for them to occupy
novel regions on the Ashby charts. For instance, these bulk mechanical metamaterials
could recover from large compression deformation (nearly full recovery even after > 50%
compressive strain) or had exceptionally high compressive stiffness and compressive
strength at very low density (with scaling exponents of Young’s modulus vs. relative
density or yield strength vs. relative density below 2), which could be characterized by
either nanoindentation or an Instron frame. The mechanisms of the surprising
recoverability property even for bulk mechanical metamaterials fabricated out of brittle
ceramic materials can be explained by either geometric nonlinearity (reversible shell
buckling) or material nonlinearity (size-dependent strengthening effect). Different
fabrication techniques for manufacturing bulk mechanical metamaterials were also
discussed, namely self-assembly, direct write lithography and printing, and selfpropagating photopolymer waveguide. However, these 3D bulk mechanical metamaterials
cannot easily form a continuous two-dimensional (2D) plate framework, which limits their
potential applications in flying microrobots and other applications with plate geometries.
Furthermore, unfortunately none of the current typical manufacturing technologies for bulk
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mechanical metamaterials is easily scalable and geometrically flexible simultaneously. In
order to solve these issues, the concept of 2D plate mechanical metamaterials was proposed
by us, and easily scalable standard micro/nano-fabrication techniques with great in-plane
architectural flexibility were introduced. In a similar way to bulk mechanical metamaterials,
these plate mechanical metamaterials are cellular plates with carefully designed 2D
periodic geometry, and extraordinary mechanical properties which could be characterized
by AFM, an Instron frame, nanoindentation or other approaches. They could exhibit
ultrahigh bending stiffness and out-of-plane compressive stiffness at extremely low areal
density. Furthermore, they could recover their original shapes after extremely sharp
bending deformation. As a result, plate mechanical materials fabricated out of insulating
refractory materials (e.g. alumina, hafnia, or zirconia) can be applied to various fields,
including spacers used in thermionic energy converters.

In order to further discuss the details of plate mechanical metamaterials, the design,
fabrication, mechanical properties of single/two-layer plate mechanical metamaterials
(Chapter 3), and nanocardboard plate mechanical metamaterials (Chapter 4) were
presented. Single/two-layer plate mechanical metamaterials are ultrathin, extremely flat,
robust, remarkably stiff, and exceedingly lightweight corrugated plates with hexagonal
honeycomb patterns and made out of ALD alumina. As for their fabrication processes,
basically their front side silicon patterning and alumina deposition were performed via a
combination of front side RIE patterning and ALD techniques, then their front side alumina
patterning, back side silicon patterning and back side silicon etching were carried out by
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combining ICP RIE patterning, back side RIE patterning, KOH wet etching technologies,
and finally they were all fully suspended through dry etching. Nanocardboard plate
mechanical metamaterials are hollow ALD sandwich plates with micron-scale plate heights
(ranging from 3 μm to 50 μm), nanoscale plate thicknesses (between 25 nm and 400 nm),
and macroscale lateral dimensions (cm-scale). These nanoscale sandwich plates are robust
and flat with extremely high bending stiffness and extraordinarily low areal density, with
the ratio of bending stiffness to areal density exceeding all the other reported materials.
The wrinkling (spontaneous buckling) seen in thin nanocardboard plates with widely
spaced cylindrical webbing was solved by using the basketweave webbing with geometric
dimensions that observe the no-straight-line rule. Guided by extensive COMSOL
simulation results, long and narrow basketweave webbing rectangles were chosen to
maximize the true bending stiffness of nanocardboard plates, which turned out to be ~30%
of that expected from an ideal sandwich plate. Furthermore, AFM was employed to
experimentally determine the apparent bending stiffnesses of single/two-layer plate
mechanical metamaterials and nanocardboard plate mechanical metamaterials, and a
micromanipulator inside an FIB tool was used to poke the plates in order to characterize
their sharp bending properties. COMSOL finite element simulation results or analytical
model results were compared with the experimental results, which generally showed good
agreement with each other. It demonstrated that our plate mechanical metamaterials all
exhibit stiff and ultralightweight properties, and the shape-recovering property when the
plate thickness is below ~100 nm even with small bending radii of curvature comparable
to their plate heights. Especially for nanocardboard plate mechanical metamaterial, by
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optimizing its geometric parameters, the spring constant and bending stiffness can be
enhanced by over 4 orders of magnitude compared with the corresponding solid plate with
the same areal density, which outperforms the previously reported results at either the
nanoscale or macroscale.

One of the most important applications of plate mechanical metamaterials is to use them
as spacers in thermionic energy converters, which was described in Chapter 5. In order to
achieve a high heat-to-electricity efficiency thermionic energy converter, thermally and
electrically insulating as well as mechanically robust inter-electrode spacers with micronscale plate heights were required. Based on the design and fabrication of single-layer plate
mechanical metamaterials, standoff arrays with various geometric shapes (straight
honeycomb, super wavy, slightly wavy, square-legged flexible, hexagon-legged flexible)
and geometric dimensions were manufactured. The standoff array fabrication process
started with front side RIE/DRIE patterning, followed by conformal alumina coating using
ALD, then patterning alumina using either laser micromachining or ICP RIE, lastly
suspending the standoffs via XeF2 dry etching. The mechanical and thermal properties of
standoff arrays were characterized by conducting compression tests with an Instron 5564
tool and thermal measurements in vacuum using a modified meter bar technique. In
addition, the in-plane and out-of-plane mechanical properties were simulated using
COMSOL finite element analyses. The mechanical simulation or experimental results
showed that wavy and flexible standoffs were much more compliant than straight
honeycomb standoffs, and all the standoff designs demonstrated high effective
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compressive modulus and effective compressive strength. The thermal and electrical
experimental results indicated that all the spacer designs provided ultralow thermal
conductances and micron-scale inter-electrode gap distances. More specifically, the
measured spacer thermal conductance has no strong dependence on plate thickness and gap
distance but typically increases with apparent applied pressure.

One promising future research direction for plate mechanical metamaterials is to use them
as high-frequency sensing resonators. For example, the nanocardboard sandwich plates can
be used to develop mechanically robust AFM probes with both high resonant frequencies
and ultralow spring constants. The resonant frequencies of nanocardboard cantilevers are
comparable to those of solid cantilevers (conventional AFM probe structure) with similar
heights. However, both the spring constant and mass of a nanocardboard cantilever are
significantly (around 1-3 orders of magnitude) lower than the corresponding typical solid
cantilever. For instance, according to the COMSOL simulation results, a nanocardboard
cantilever with 25 nm plate thickness and conventional AFM probe sizes (height: 0.6 μm,
length: 200 μm , width: 25 μm ) provides an AFM-standard fundamental resonant
frequency of about 11 kHz and at the same time has a spring constant of only around 0.0013
N/m. Such low spring constant is around one order of magnitude smaller than those of the
softest commercially available solid cantilever AFM probes. As a result, nanocardboard
cantilevers can be potentially used for novel biomolecular and surface chemistry sensing
or imaging, where high sensitivity is desirable.
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Another future research direction of plate mechanical metamaterials is to employ them as
wings or structural components (e.g. frame, supports and hulls) for microflyers because of
their high mechanical robustness and stiffness, as well as ultralow density. These plate
mechanical metamaterials are sufficiently stiff and strong to handle small loads in
microrobotic flyers, and simultaneously they are ultralightweight, which enables more
design latitude for the other microflyer components like heavier electronic parts. For both
of these two research directions, further investigation of the shape-recovering property of
plate mechanical metamaterials after extreme bending deformations is necessary to better
understand how the geometric parameters will affect the robustness.

Finally, as for the shape recoverability of plate mechanical metamaterials, one research
direction is to investigate how the exact nature of their shape-recovering properties under
extremely large bending deformations and what parameters will affect their shape
recoverability.
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APPENDIX
A.1 Segmented Expansion Anode Arrays in Thermionic Energy Converters
A.1.1 Structure Design and Material Selection
Because the thermionic energy converter cathode usually cycles between high working
temperature of more than 1000 ℃ and room temperature during operation and the anode is
somehow attached to the cathode within the package, large thermally induced strains (>
1%) can be introduced to the thermionic energy converter anode. If the anode and cathode
are connected rigidly with no stress-relieving structures, failure and cracking of the vacuum
sealing may occur. As a result, the anode is designed as a segmented array of hexagonal
“pixels” coupled with stress relieving “springs” (Figure A-1) to accommodate such large
thermal expansions. Furthermore, these compliant microspring structures (also called as
“legs”), as shown in the red box region of Figure A-1(b), have high aspect ratios to make
the anode array stiff to vertical deflections. Thus, the high-aspect-ratio segmented
expansion anode array can also maintain a stable micron scale gap between the two
electrodes. The important geometric parameters of the anode are illustrated in Figure A1(c).
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Figure A-1: (a) An overview and (b) a locally zoomed-in computer diagrams of the anode
array. (c) Schematic showing one unit cell of the anode array with its important geometric
parameters.

As for the fabrication process development, the choice of anode materials is constrained
by three design requirements, namely excellent electrical conductivity with thermally
stable metallization, compatibility with high-aspect-ratio trench microfabrication, and
chemical inertness to Cs. Although no single material can meet all these requirements,
there are a few stacked material combinations that can satisfy each of these three constraints.
For example, standard silicon wafer can be used for manufacturing high-aspect-ratio lateral
flexural springs by applying the DRIE technology, though silicon is incompatible with a
cesium atmosphere at high temperatures. Hence, a passivation overlayer can be coated on
silicon, acting as a barrier to cesium.
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A.1.2 Simulation Results of Mechanical Properties
COMSOL finite element simulations were used to study the in-plane compression behavior
of part of the segmented expansion anode array (out-of-plane thickness: 250 μm; hexagon
height: 1 mm). For the boundary conditions of the COMSOL simulations, the leftmost end
of the model was fixed and displacements were applied to the rightmost end in the negative
x direction until the critical point was reached (Figure A-2 shows the elastic strain energy
density distributions). The critical point is defined as the point when the applied
displacement is increased until one leg just contacts a hexagonal segment. During the
simulations (including geometric nonlinearity), the small-deformation response of the
segmented expansion anode array structure made of silicon was studied using 3D geometry
and silicon was modeled as an isotropic (silicon is an anisotropic material in reality) linear
elastic material for simplicity (Young’s modulus: 170 GPa; Poisson’s ratio: 0.28) [151].
According to the simulation results, the total elastic strain energy (𝑈), maximum principal
stress (𝜎pmax ), maximum von Mises stress (𝜎vmax ) at the critical points for anodes with
different leg widths and gap distances were listed in Table A-1. It can be seen that, by
decreasing the leg width, the total elastic strain energy, the maximum von Mises stress and
the maximum principal stress are all reduced, which enhances the ability of the anode to
survive large compressions. Considering the anode under small deformations is in the
elastic region, this conclusion can be extended to the expansion case. That is why we
developed the thin wafer fabrication recipe for making anodes with thin legs.
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Figure A-2: Elastic strain energy densities of anodes with different geometric dimensions
based on the in-plane simulation results at the critical points. (a) gap distance: 62.5 μm, leg
width: 25 μm (overall regions); (b) gap distance: 62.5 μm, leg width: 25 μm (local regions
with large strains) (c) gap distance: 50 μm, leg width: 50 μm (overall regions); (d) gap
distance: 50 μm, leg width: 50 μm (local regions with large strains); (e) gap distance: 10
μm, leg width: 10 μm (overall regions); (f) gap distance: 10 μm, leg width: 10 μm (local
regions with large strains).
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Table A-1: COMSOL finite element in-plane simulation results at the critical points for
segmented expansion anode arrays with different designs (𝑈 is the total elastic strain
energy; 𝜎pmax is the maximum principal stress; 𝜎vmax is the maximum von Mises stress).

Leg Width: 50 μm

𝑈 (J)

𝜎pmax (GPa)

𝜎vmax (GPa)

~1.10 × 10−4

~3.65

~4.97

~1.81 × 10−5

~2.39

~2.52

~3.28 × 10−8

~0.16

~0.27

Gap Distance: 50 μm
Leg Width: 25 μm
Gap Distance: 62.5 μm
Leg Width: 10 μm
Gap Distance: 10 μm

A.1.3 Fabrication and Characterizations
Figure A-3(a) and (b) show the schematics of the microfabrication processes for
manufacturing segmented expansion anodes based on a thick wafer (200-μm-thick) and a
thin wafer (50-μm-thick) respectively. The as-designed leg widths and gap distances are in
the ranges of 10 μm - 50 μm and 7 μm - 62.5 μm respectively. Figure A-4(a) shows the
mask design for one die, and the as-designed gap distance, leg width, hexagon height and
die size are 10 μm, 10 μm, ~866 μm and ~9.4 mm × ~8.2 mm respectively. The hexagonal
segments are connected by flexural legs to accommodate thermal strains. For the 200-μmthick wafer fabrication process (Figure A-3(a)), a ~1.6- μm-thick silicon oxide film was
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first deposited on the front side of a 4-inch silicon wafer using PECVD, which acted as the
hard mask layer. Another silicon oxide layer could also be deposited on the wafer back
side to balance the thermal stress and to make the subsequent removal of the crystal bond
easier, but this process step was not necessary. HMDS and SPRTM220-7.0 photoresist were
then spin-coated on top of the silicon oxide layer. Next, the wafer front side was patterned
with the segmented expansion anode array design by using photolithography (hard baking
for a long time was needed after the photoresist was developed in MFTM-26A). Afterwards,
RIE was employed to etch through the silicon oxide layer and then over-etch ~0.1-0.2 μm
into the Si substrate. The wafer was subsequently cut into small pieces and these pieces
were attached to silicon carrier wafers by using CrystalbondTM 555, which were ready for
the DRIE process. In the end, DRIE was applied to etch through the silicon pieces and
cleaning steps were completed to remove the remaining photoresist and silicon oxide as
well as the CrystalbondTM adhesive. For the fabrication process using a 50-μm-thick wafer,
only the photoresist soft mask was required, which contributed to the simplification of the
whole process (Figure A-3(b)). Another major advantage of using a thin wafer fabrication
process is that we can not only make thinner leg width to better accommodate large thermal
expansions but also fabricate smaller gap distance to achieve good vacuum sealing using
liquid metal (it is best to be keep the DRIE aspect ratio below around 20, otherwise it is
hard to etch through the silicon pieces using the equipment at the Singh Center for
Nanotechnology of the University of Pennsylvania). A photograph and an SEM image of
the microfabricated segmented expansion anode array are shown in Figure A-4(b) and (c)
respectively.

138

Figure A-3: Computer diagrams showing the manufacturing processes of thermionic
energy converter anodes based on (a) a 200-μm-thick wafer and (b) a 50-μm-thick wafer.
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Figure A-4: (b) Anode mask design (showing one die). (b) One photograph and (c) one
SEM image exhibiting final fabricated anode arrays.

The optical microscope image of the front side of one manufactured segmented expansion
anode array is shown in Figure A-5(a). In order to characterize the DRIE profile of the
anode array, a cross-sectional part from the anode was cut and the sidewall SEM images
were taken. It can be seen from Figure A-5(d) that this silicon piece was completely etched
through. As shown in Figure A-5(b) and (c), the leg width in the top region is around 6.6
μm while the leg width in the bottom region is around 5.1 μm. Therefore, the top and
bottom leg widths are not equal to each other and both of them deviate from the as-designed
10 μm value, which results from the undercut during the DRIE process. Since there is only
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trivial difference between the top and bottom leg widths, the DRIE etching profile is almost
vertical.

Figure A-5: (a) Top-down optical microscope image of an anode sample. SEM images
showing (b) the top DRIE profiles, (c) the bottom DRIE profiles and (d) the overall DRIE
profiles.

Using an Instron 5564 frame (Figure A-6(a)), tensile tests were performed for the
fabricated anodes. Figure A-6(b) shows the tensile test results of a thermionic energy
converter segmented expansion anode chip (as-designed dimensions, gap distance: 10 μm;
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leg width: 10 μm; hexagon height: ~866 μm; thickness: ~200 μm; die size: ~9.4 mm 
~8.2 mm), which indicates our anode can sustain around 1% strain before it breaks.

Figure A-6: (a) Tensile test experimental setup using an Instron tool. (b) One sample tensile
test result showing the force-displacement curve for a thermionic energy converter anode
(demonstrating that the anode can withstand ~1% tensile strain). (Performed by Mohsen
Azadi.)

A.2 Liquid Metal Vacuum Sealing in Thermionic Energy Converters
Vacuum sealing is an important technical challenge for thermionic energy converters and
for MEMS in general. Typically, vacuum sealing can be achieved by using either wafer
bonding or solid thin film deposition. Employing a liquid rather than a solid for vacuumsealing small gaps may allow much larger deformations with no leak, which is especially
crucial for thermionic energy converters. EGaIn is a special electrically conductive room
temperature liquid alloy by dissolving gallium (Ga) in indium (In) [152, 153], which is
quite useful for vacuum sealing. The resulting melting point of the Ga-In alloy is around
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15 C (eutectic temperature) with the dissolution of about 15 atomic percent of In into Ga
(during the experiment, 29 g of indium were added to 100 g of gallium to make EGaIn)
[154]. EGaIn has a lot of advantages, such as very low vapor pressure which prevents
evaporation even at high temperatures, high surface tension (~624 mN/m) [155], lower
toxicity than mercury [152] and low silicon wettability (visually, it was found that EGaIn
did not easily wet silicon, but instead it balled up on a silicon piece, as shown in Figure A7(a)). Due to these advantages, EGaIn can be applied as vacuum sealing liquid as well as
thermal interface material and force modulators.

A modified small vacuum chamber was used as the experimental setup to test EGaIn as the
vacuum sealing liquid (Figure A-7(b)). An opening was made in the lid and the thermionic
energy converter anode chip was adhered to the opening. EGaIn was placed on top of the
sample to characterize its ability to serve as a vacuum sealer when the chamber was
pumped down. A schematic showing how the liquid vacuum sealing works using EGaIn is
shown in Figure A-7(c). Based on the Young-Laplace equation, the external and internal
pressure difference ∆𝑝 = 𝑝1 − 𝑝2 is equal to 2𝛾EGaIn /𝑑 , where 𝑝1 , 𝑝2 , 𝑑 and 𝛾EGaIn
represent the external pressure, the internal pressure, the gap distance of the anode and the
surface tension of EGaIn respectively. Thus, the required anode gap distance 𝑑 to achieve
excellent liquid vacuum sealing using EGaIn is 𝑑 < 2𝛾EGaIn /∆𝑝 ≈ 12.5 μm, which can be
easily satisfied according to the fabrication process of the segmented expansion anode
array. After testing different geometric dimensions of thermionic energy converter anodes
and silicon molds used for fabricating nanocardboard plates, this EGaIn liquid vacuum
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sealing system was able to sustain almost full atmospheric pressure difference before
EGaIn began to leak through with a sample feature size of around 5-6 μm.

Figure A-7: (a) Photograph of EGaIn balling up on the silicon substrate. (b) A modified
small vacuum chamber used for characterizing EGaIn as vacuum sealing material. (c)
Schematic illustrating the principle of EGaIn serving as vacuum sealing liquid.

A.3 Tuning Mechanical Properties of Vertical Graphene (VG) Sheets
A.3.1 Introduction to VG Sheets
Graphene is an appealing material for different applications due to its high thermal and
electrical conductivity, large surface area per mass, and high Young’s modulus [156].
Although previous research has mainly concentrated on horizontal (planar) graphene, the
lesser-known VG sheets also possess many of the same attractive characteristics and they
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can be fabricated with no catalyst simply and cheaply [157, 158]. VG sheets, also named
as carbon nanowalls, are nanoscale carbon flakes consisting of around 1–20 graphene
layers which are grown nearly vertically to different substrates [159, 160]. They can be
potentially used in many areas, including light absorbers [161], nanocomposites [159],
energy storage devices [162, 163], as well as chemical and biological detection [164, 165].
Compared with horizontal graphene, their vertical nature enables a larger surface to be
exposed to chemical reactants directly, which eliminates extra processes which may be
required in horizontal graphene case [166]. Additionally, the number of graphene layers
reduces from the base to the edges, offering a platform to conveniently study the
functionalization of single and multiple layer graphene simultaneously.

VG sheets were synthesized by applying the radio frequency plasma-enhanced chemical
vapor deposition (RF-PECVD) technology, as detailedly described in the past work. The
top-down and cross-sectional SEM images of pristine VG sheets in Figure A-8(a) and (b)
show that the majority of the pristine VG sheets are curvilinear due to the induced stress
during their growth [167] and lie almost perpendicular to the substrate surface.
Transmission electron microscopy (TEM) images of the pristine VG sheets indicated that
a typical individual sheet is composed of 10–20 graphene layers at the base and gradually
transition to two or three layers at the edges, making the shape of each VG sheet look like
a knife blade [168]. As a result, the estimated VG thickness is about 3.5 nm–7 nm at the
base and around 1 nm at the tip.
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Figure A-8: (a) Top-down and (b) cross-sectional views of pristine VG sheets under SEM
[169]. (https://doi.org/10.1088/1361-6528/aa75ac © IOP Publishing. Reproduced with
permission. All rights reserved.)

A.3.2 VG Mechanical Property Modification via ALD
The mechanical properties of VG nanostructures can be tailored by conformal deposition
of aluminum oxide using ALD. In order to make sure that the chemical and mechanical
properties of the VG sheets kept unchanged during the ALD process, alumina layers which
are 5.0 nm, 7.5 nm and 10.0 nm thick were conformally deposited at a comparatively low
temperature of 80 ℃ by employing a Cambridge Nanotech Savannah ALD tool.
Nanoindentation was employed to measure the mechanical properties of alumina coated
and pure VG sheets. Figure A-9(a) shows how the contact stiffnesses (calculated according
to the retraction segment slopes of force-displacement curves [170]) of VG samples vary
with the thickness of deposited alumina and the peak load. Since the contact area between
the spherical indenter and the VG sample increases with the indentation depth, it is
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expected that the contact stiffness will be enhanced due to the increasing load. Moreover,
over the full load range, the stiffness generally increases with the alumina thickness, which
may result from bending stiffness enhancement caused by alumina coating (similar to the
previous report for CNTs [170]), and stronger coupling and interlocking of VG sheets
caused by the deposited alumina. It is illustrated in Figure A-9(b) how the effective Young’
s modulus changes with the applied load for both pristine and alumina-coated samples.
Based on the experimental results, the effective Young’ s modulus of VG structures
generally increases with the thickness of the deposited alumina significantly. By depositing
an alumina layer with a thickness of only 5 nm, the average effective Young’s modulus of
VG sheets almost triples. The decrease of the average effective Young’s modulus with the
load for all the samples can be explained by the local buckling of thin VG sheets during
compression, which is commonly observed during in situ compression characterizations of
CNTs [171]. The alumina-coated VG sheets create a complicated composite-like structure.
When the VG sheets deform by bending during indentation, deposition with ALD alumina
which has a high Young’s modulus of ~130 GPa, significantly enhances the bending
stiffness of VG sheets, and contributes to a great increase in the effective Young’ s
modulus. Also, alumina coated VG sheets generally have lower energy absorption and
strain recovery compared with pristine VG sheets for the same peak force. As shown in
Figure A-9(c), the energy absorption per unit volume for pure and alumina-coated samples
was estimated by the ratio of the hysteresis loop area to the material volume below the
indenter. The energy absorption decreases with the deposited alumina thickness while it
increases with the applied load. Similar to CNT mechanical deformation, the hysteresis can
be caused by the absorbed energy resulting from the interaction of VG structures with each
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other and the friction between the VG sheets, as well as the viscous dissipation due to the
airflow during unloading [172]. Since the alumina deposition enhances the stiffness of the
VG sheets and increases their surface roughness, which prevents adhesion, the energy
absorption for the alumina-coated VG sheets is generally reduced. Finally, Figure A-9(d)
illustrates the strain recovery for the pristine and alumina-coated VG samples, which is
defined as the ratio of the recovered displacement during the unloading process to the
displacement during the corresponding loading process and was calculated for every loadunload cycle. For all the samples, the average strain recovery increases with the load, but
is generally lower in alumina-coated VG sheets than in pure VG sheets. This is quite
different from previously reported experimental results of CNTs, where their strain
recovery can be increased by either ALD alumina coating or graphene petal decoration
[170, 172]. The opposite behavior observed for the VG sheets can be explained by the
differences between VG sheets and CNTs. As CNTs are compressed, they will bend,
buckle, and then adhere to each other during densification, leading to a small strain
recovery. Alumina coatings can decrease the adhesion between individual CNTs and thus
increase the strain recovery [170]. Similarly, adding spring-like petals between adjacent
CNTs contributes to a larger strain recovery of the CNT array [172]. On the contrary, since
there is larger spacing between the VG sheets, pure VG sheets have much less buckling
and interaction with each other under a load. As a result, alumina-coated VG sheets do not
show increased strain recovery. In contrast, depositing a brittle material like alumina to the
VG sheets can make them more brittle. Furthermore, alumina deposition might result in
‘spot welded’ points between the VG sheets are not able to accommodate large strains and
therefore fracture when indented. All these results show that tuning the mechanical
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properties of VG sheets over a large range can be achieved via conformal ALD, which
facilitates the use of VG structures in applications where particular mechanical properties
are needed.

Figure A-9: (a) Contact stiffness vs. load (b) Effective Young’s modulus vs. load (c)
Energy absorbed vs. load (d) Strain recovery vs. load for VG samples of various ALD
alumina thicknesses [160]. (https://doi.org/10.1088/0957-4484/27/15/155701 © IOP
Publishing. Reproduced with permission. All rights reserved.)
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A.3.3 VG Mechanical Property Modification via Fluorination
The mechanical properties of VG sheets can also be tuned via fluorination. For the purpose
of fluorinating the VG samples, an Xactix XeF2 isotropic etcher was used to expose the
samples to XeF2 for different numbers of etch cycles, which is similar to the previously
reported approach [173]. Also, XeF2 gas does not etch the copper substrate [174]. The etch
time, delay between two sequential etch cycles, and XeF2 pressure were 30 s, 2 s and 2.0
Torr respectively for all the samples. Various VG samples were exposed to XeF2 gas for
50, 100, 200, 300, 400, and 500 etch cycles to fabricate VG sheets with varied fluorine
contents. The fluorine contents at four various locations on every fluorinated sample were
characterized by employing the energy-dispersive X-ray spectroscopy (EDS) technology
in the SEM. A low acceleration voltage of 2.0 kV was applied to stop incident electrons
from arriving at the substrate (VG height is ~480 nm). Figure A-10 illustrates that the
fluorine content of the fluorinated VG generally increases with the number of the
functionalization cycles up to 200 cycles, and then the average fluorine content saturates
at around 3.5%. By exposing the VG samples to XeF2 gas at room temperature, it is
effective to add fluorine to the VG surfaces instead of fluorinating the inner layers of
graphene multilayers [166].
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Figure A-10: Fluorine element content (characterized at four different positions of each
VG sample using EDS) vs. number of fluorination cycles. (Reproduced from Ref. [175] with
permission from The Royal Society of Chemistry.)

An AFM-based technique called PeakForce quantitative nanoscale mechanical
characterization® (QNM) [176, 177] was employed to measure the mechanical properties
of the VG samples as a function of the degree of fluorination. The PeakForce QNM®
characterizations provide force-displacement indentation curves from different locations
on each sample. The effective reduced modulus 𝐸r is defined as 𝐸 ⁄(1 − 𝜈 2 ), where 𝜈 is
the Poisson's ratio and 𝐸 is the Young's modulus, and could be calculated from the
unloading segments of the corresponding force-displacement curves based on a contact
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mechanics model which assumes Derjaguin-Muller-Toporov (DMT) adhesion [178]. In
addition, from the unloading curves, adhesive pull-off forces could also be extracted.
Figure A-11(a) shows the effective reduced moduli of samples with different cycles of
XeF2 exposure. Because of the unique surface structures, these reduced moduli represent
the effective elastic properties of the surfaces, which are dependent on the geometry and
properties of the VG structures. Adding about 3.7% fluorine enhances the average
effective reduced modulus by around a factor of 8. This can be explained by the differences
in the C-F and C-C bond lengths [179, 180], the interlayer distance of the multi-layer VG
sheets, as well as a variation in the ratio of sp2- hybridized carbon to sp3- hybridized carbon
[181]. Similar enhancements in the mechanical characteristics of single-layer fluorinated
horizontal graphene were reported before [182, 183]. Figure A-11(b) shows the adhesion
force between the VG sheets and the AFM tip before and after fluorination. It can be seen
that fluorination can decrease the average adhesion force, which can be possibly explained
by the reduction of the van der Waals force between the graphene and the tip due to the
protruding C-F bonds [183]. Figure A-11(c) shows the deformation comparisons between
pristine and fluorinated VG samples under controlled loading. The calculation of
deformation was based on the approaching part of the force-displacement curve by
considering the cantilever deflection. The average deformations of fluorinated VG samples
are much smaller under the load of 100 nN compared with pristine VG samples. Moreover,
the average deformation decreases with the number of fluorination cycles. One reason for
this reduction is the overall enhancement in the reduced modulus of VG sheets with the
number of functionalization cycles (Figure A-11(a)). Nevertheless, the deformation cannot
be simply considered inversely proportional to the reduced modulus because the response
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is nonlinear for large displacements. The collected experimental data, however, clearly
demonstrate a trend which can be explained by the functionalization of defects and the sp2
to sp3 conversion [181]. Energy dissipation was calculated as the region enclosed between
the unloading and loading curves. As is shown in Figure A-11(d), the energy dissipation
generally decreases with increasing fluorination cycles. Two main factors probably lead to
this reduction. First, since more fluorinated VG sheets have lower deformation, the friction
loss is decreased and therefore, the energy dissipation is reduced. Second, since the average
adhesion force generally decreases when the number of fluorination cycles is increased
(Figure A-11(b)), which also results in smaller energy dissipation compared with pristine
VG samples (see the inset in Figure A-11(d)). This fluorination method provides a unique
approach towards tailoring the mechanical properties of VG without remarkably increasing
its weight or changing its morphology.
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Figure A-11: (a) Effective reduced modulus vs. number of functionalized cycles. (b)
Adhesion force between VG samples and the AFM tip vs. number of fluorination cycles.
(c) Deformation under 100 nN constant load vs. number of functionalization cycles. (d)
Energy dissipation vs. number of fluorination cycles and the comparison of the areas
enclosed by the approach and retraction curves before and after fluorination is shown in
the inset. (Adapted from Ref. [175] with permission from The Royal Society of Chemistry.)
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A.3.4 VG Mechanical Property Modification via Ion Irradiation and Fluorination
By using the techniques of fluorination and ion bombardment, both combined or
separately, tuning the mechanical properties of VG sheets can be successfully achieved.
Along with electron bombardment and chemical treatments [167, 168, 184-189], ion
irradiation is one of the most commonly used methods to introduce defects into carbonbased materials. Ion irradiation provides the advantages of outstanding repeatability and
control, easy access to any location on the sample, fast scanning speed, and high spatial
resolution [190]. Furthermore, theoretical models which accurately describe the defect
density in graphene after ion irradiation can offer further insight into how to tailor the
mechanical properties of carbon-based materials via ion bombardment [191]. With the
utilization of the gallium ion beam (estimated ion dosage: ~2.25 × 1013 ions/cm2) in an
FIB tool, controlled defect creation was achieved. An SEM image of the ion bombarded
region is shown in Figure A-12. The ion irradiation areas look darker under SEM because
of carbon contamination and variations in the electrical and structural properties of the VG
sheets caused by the ion bombardment. When gallium ions with high energy are in collision
with the carbon atoms from the VG sheets, some of these carbon atoms will be ejected
from their original locations while the gallium ions will penetrate and then get embedded
in the substrate. It was noted that no gallium element was detected on VG top surface by
X-ray photoelectron spectroscopy (XPS), demonstrating that gallium ions were never
embedded on the top surface of VG sheets.
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Figure A-12: An SEM image illustrating the darker ion irradiation region [169].
(https://doi.org/10.1088/1361-6528/aa75ac
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During the process of ion bombardment, the carbon atom ejection leads to the generation
of different defects. For instance, vacancies and hole defects show up in some positions of
graphene lattice where were previously occupied by carbon atoms while ejected carbon
atoms are able to adsorb onto other graphene sheets and move as adatoms on the graphene
surface [189, 190]. Different from the theoretical estimation, previously reported
experimental results showed that for a bombarded multilayer graphene sample the defect
density in its lower layers is smaller than that in its upper layers [189]. Furthermore, the
ion bombardment induced defect formation rate is increased at the existing defect positions
156

owing to the existence of under-coordinated atoms and/or the increased strain [189]. Some
of these defects vanish nearly instantly after the collision, while other defects persist for a
long time. Particularly, ion irradiation generates many Di-vacancy and hole-defects [168].
The creation of hole-defects and Di-vacancy locally radicalizes the graphene surface
attributed to the carbon dangling bond formation and the surrounding carbon atom
activation. Fluorine atoms can strongly react with these activated carbon atoms because of
the lower fluorine adsorption energy in comparison with pristine graphene [168]. Formerly,
first-principles density-functional theory calculations, which include ab initio molecular
dynamics, were employed to study different functionalization mediums, including XeF2,
He, H2O and N2H4 [192, 193]. Another theoretical study showed that fluorine gas had a
stronger chemical activity compared with hydrogen due to its easier dissociation into the
atoms [194]. Furthermore, it is easier to synthesize the saturated fluorographene in
comparison with hydrogenated graphene because fluorination does not need nucleation
[195]. Therefore, compared with hydrogenation, fluorination is more effective to
functionalize graphene.

A Xactix XeF2 etching system was used to perform graphene fluorination by exposing the
VG samples to XeF2 gas for time periods ranging from 2.5 min to 200 min. Similar to the
planar (horizontal) graphene case, the fluorination only takes place at the outmost VG
atomic layers [166]. Nevertheless, because the VG sheets are aligned vertically and lead to
the formation of a porous coating, the entire height of the VG sheets is accessible to XeF2
gas and thus the mechanical properties are modified across the whole depth of the VG
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coating. Fluorinated graphene are comparatively stable at room temperature because
fluorine is dissociated from graphene at temperatures over ∼250 ℃ or quite slowly over a
long time period [193].

Five different sets of samples were prepared to characterize how ion bombardment and
fluorination will have effects on the VG mechanical properties by employing the
PeakForce QNM® technique: pristine (set P), fluorinated only (set F), bombarded only (set
B), first fluorinated and then bombarded (set F/B), and first fluorinated, then bombarded,
and finally fluorinated again (set F/B/F). Figure A-13 illustrates the procedures each
sample set went through. It was previously reported by us that fluorination alone could
increase VG’s effective reduced modulus ( 𝐸r ) [175]. As shown in Figure A-14(a),
fluorination (fluorine content: ∼35 at.%) over tripled the average 𝐸r by comparing set F
with set P. In addition, it is shown that defects roughly double the average 𝐸r of the VG
sheets by comparing set B and set P. Our experimental results here are in contrast to the
previous results by Liu et al [189], who predicted that defects would decrease the Young’s
modulus and tensile strength of graphene according to the mechanical property studies of
CNTs with different defect densities. Nevertheless, our mechanical testing results match
the recent experimental reports pretty well, which focused on horizontal graphene with a
low defect density [196, 197]. For instance, López-Polín et al. demonstrated that defects
could enhance the 2D elastic modulus of graphene if the vacancy-defect content was lower
than ~0.2%, which is corresponding to 5 nm mean distance between defects and <
2 × 1013 /cm2 defect density [197]. As the defect density further increases, the softening
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effect caused by vacancies becomes dominant and the elastic modulus will decrease
proportionally with the number of vacancies [198-201]. This reduction has been also
theoretically predicted for a high defect density [199, 201, 202]. Besides the previous
studies on horizontal graphene [203], various mechanical properties of a CNT network,
like the tensile strength, stiffness and bending modulus, were also reported to be increased
after irradiation [204, 205]. This has been interpreted by the enhanced interaction between
the CNTs resulting from irradiation-induced crosslinks [206]. Similar effects could be
responsible for the VG stiffening reported here. For pristine VG sheets, only a weak vander-Waals interaction exists between the VG sheets, which enables individual sheets to
freely slide against each other. However, after ion bombardment, covalent bonds can be
created between some of the VG sheets, which prevent such sliding and enhance the VG
stiffness. This explanation is consistent with the previous molecular dynamic simulation
results in which ion irradiation resulted in interlayer linking [207]. On the other hand,
fluorination can enhance the stiffness of VG sheets through a number of mechanisms. For
instance, it can contribute to the carbon hybridization transition from sp2 to sp3, which
increases the rigidity of the VG sheets [179, 181]. Additionally, fluorine can cause the
corrugation of the VG sheets to increase [208], and this corrugation is known to be able to
significantly increase the bending rigidity of nanoscale films [8]. Actually, the lattice
parameter variations for CF and C2F indicate that the corrugation of these phases is so
strong that applying fluorinated graphene as a “flat” 2D structure becomes impossible
[209]. Martinez-Asencio et al. [203] also performed simulations predicting that vacancies
produced by energetic ions modify the graphene roughness, which dramatically affects the
graphene mechanical properties and counteracts the defect influence. Although the bond
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lengths are increased by fluorinating the VG sheets, which reduces the rigidity, it turns out
the corrugation effects are stronger, contributing to a net enhancement in the stiffness.

The mechanical characterization results show that set F/B has an average 𝐸r of around 21.2
MPa, which is over 4 times larger than that of the pristine graphene (set P) and
approximately 2 times larger than that of the ion bombarded only graphene (set B).
However, in comparison with set F, which was fluorinated only, the average 𝐸r of set F/B
is just a little higher. Lastly, the average 𝐸r of set F/B/F is the largest, which is about 32.4
MPa, demonstrating that ion bombardment and fluorination can work together to enhance
the VG stiffness. In addition, Figure A-14(b) shows that the maximum deformation can be
reduced by either ion irradiation (compare set B and set P) or fluorination (compare set F
with set P), which can be obviously explained by the enhanced 𝐸r due to fluorination or
ion irradiation.
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Figure A-13: Schematic showing VG samples in various process conditions (from top to
bottom: pristine VG sample set (P); 2 min ion irradiated VG sample set (B); 200 cycles
fluorinated VG sample set (F); first 200 cycles fluorinated and then 2 min ion irradiated
VG sample set (F/B); first 200 cycles fluorinated, then 2 min ion bombarded, and finally
200 cycles fluorinated VG sample set (F/B/F). It should be noted that only two VG sheets
are displayed for their interaction with the QNM indenter tip for clarity [169].
(https://doi.org/10.1088/1361-6528/aa75ac
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Figure A-14: (a) Effective reduced modulus as well as (b) maximum deformation of VG
samples with various conditions for comparison [169]. (https://doi.org/10.1088/13616528/aa75ac © IOP Publishing. Reproduced with permission. All rights reserved.)
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